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Introduction to the thesis

Introduction to the thesis

For decades molecular evolutionary studies have built our understanding of
the natural history of life based on complexity of individual types of organisms.
The complexity of a biological organism is generally determined by the
number of cell types (Vogel and Chothia 2006) and degree of cellular
organization. These morphological features are in turn the phenotypical
representation of genomic complexity. Information within a genome can be
accessed at different levels: from raw DNA sequences to structured and
functional molecules, such as RNAs and proteins. Molecular evolution
currently uses genetic and genomic information to understand the evolution of
whole organisms, and is based on the concept that all biological functions are
the result of continuous evolution from their ancestral forms. With recent
advances in genome science, it has come to light that eukaryotic genomes
consist of mainly non-protein-coding sequences, which were once neglected
for their important roles in evolution. This thesis presents work on the non-
protein-coding RNAs from the deeply diverged eukaryGiardia intestinalis,

aiming towards better understanding the evolution of eukaryotes.

The importance of non-protein-coding sequences has been gradually realized
since the two important paradoxes in molecular biology became evident: (1)
The C-value paradox, which describes the inconsistency between cellular DNA
content and biological complexity; (2) The G-value paradox which describes
the inconsistency between gene numbers and biological complexity.

The C-value was confusingly defined ranging from the complete complement
of DNA per nucleus (in picograms); to the amount of DNA in the haploid
genome (Swift 1950). Thus, the C-value represents the crude estimation of
DNA regardless of the sequence composition, and is affected by a number of
variables including polyploidy, gene duplication, repetitive sequences and

experimental errors, of which polyploidy may be the main factor. Table-1

* Polyploidy: the state of having more than two full sets of homologous chromosomes.
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shows some examples of DNA content (C-values) in a number ofeditfe

organisms.

Table-1: DNA content (C-value) in example species

Class Example species Common name| C-value (pg)
Mammals Homo sapiens Human 3.50

Aves Haliaeetus leucocephalus | Bald eagle 1.43
Amphibia Bolitoglossa striatula Salamander 62.70
Amphibia Bufo crucifer Crucifer toad 3.15
Secernentea | Caenorhabditiselegans | Nematode 0.08
Angiosperm | Fritillaria assyriaca Fritillary 127.40
Algae Ostreococcus tauri - 0.01

(Bennett and Leitch 2005; Gregory 2005)

Amphibians and amoebae are two typical examples which show the lack of
correlation between genome size and biological complexity (Becak and
Kobashi 2004). For example, the C-value for lungfish indicates that its genome
is over an order of magnitude larger than primates (Joss 2006), and it is known
to be polyploid (Vervoort 1980). Groups of organisms such as crustaceans,
insects and plants exhibit a wide range of C-values and are also often known to
include polyploids (Otto and Whitton 2000). Polyploidy is thus an important
reason for this inconsistency, because C-values are generally not corrected for
polyploidy (Gregory 2005). It was later suggested that the relative complexity
should be the minimum amount of information required for the operation of a
biological system (Li and Vitanyi 1997). This is supported by the observation
of Taft et al. that the minimum genome size increases consistently with the
increase of complexity from nematode to insects to vertebrates (Taft et al.
2007). In addition to polyploidy, gene and genome duplication events also
contribute to genome expansion (Ohno et al. 1968). It has been known for
yeast that at least one round of whole-genome duplication has happened,
followed by large-scale gene losses, and evolution of alternative gene
paralogues (Scannell et al. 2006) which are often redundant. Similar evidences

has been found in Arabidopsisthaliana (Thomas et al. 2006).
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Another source of variation in genome size is transposon-derived segjuence
(Brosius 1991; Kidwell 2002), often referred to as “repetitive” sequences,
which comprise about half of human (Lander et al. 2001) and mouse genomes
(Waterston et al. 2002) and was once considered to be non-functional.
However, increasing evidence (Peaston et al. 2004; Bejerano et al. 2006;
Nishihara et al. 2006; Xie et al. 2006) has suggested functions for at least some
of these previously neglected sequences, and it is unclear what proportion of
the genome is contributing to the genetic complexity. Therefore, instead of
representing measurements of biological complexity, the C-value may only
reflect the quantitative amount of raw genetic material, and which is

continuously subjected to sequence acquisition and loss over evolutionary time.

Compared with C-value, the G-value appears to be even more problematic,
since the former can largely be explained by polyploidy and other raw
evolutionary material, the latter is based on the assumption that the number of
protein-coding-genes scales with biological complexity (Bird 1995). However,
this assumption is not supported and hence is termed the G-value paradox
(Hahn and Wray 2002). The latest estimates from genomic surveys suggest that
humans have approximately 20,000 protein-coding genes (Goodstadt and
Ponting 2006). The number is similar to other vertebrates such as chicken
(Wallis et al. 2004) and pufferfish (Aparicio et al. 2002), and also to the
nematode wornCaenorhabditis elegans (Stein et al. 2003) which comprises
only 1,000 cells. Despite the developmental complexity, mammals do not
appear to have more protein-coding genes (or according to the present
estimates, even less) than plants (~26,000Afabidopsis) (Haas et al. 2005)
or protists such asParamecium (~40,000) (Arnaiz et al. 2007) and
Tetrahymena (~27,000) (Eisen et al. 2006). Although part of the G-value
paradox can be explained by the increase of alternative splicing in mammals
(Nagasaki et al. 2005), which allows greater range of different proteins to be
expressed from a single source, there is also evidence showing that complex
organisms utilize a wider range of regulation mechanisms to control gene
expression: including chromatin modification, RNA-modification and editing,
RNA localization and stability, transcriptional and translational silencing.
These regulatory networks have been suggested to override the complexity of
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protein-coding genes and possibly dominate the information content of
genomes (Mattick 2004; Mattick and Gagen 2005). More importantly, most of

the regulatory information resides outside of the protein-coding sequences.

Unlike prokaryotes, whose genomes consist of closely packed protein-coding
sequences, eukaryotic genomes contain larger amount of intronic and
intergenic non-protein-coding sequences, which total nearly 98% in humans
(Little 2005). Both cDNA and genomic tiling array analysis of transcription
have revealed that large proportions of eukaryotic genomes are transcribed
(Mockler et al. 2005; Ranz and Machado 2006). At least 70% of mammalian
genomes can be transcribed (Carninci et al. 2005). Similarly, majority of the
Drosophila genome is transcribed (Manak et al. 2006). In addition, many
mammalian genes have antisense transcripts which have been shown to have a
regulatory role (Katayama et al. 2005). Hence it has been suggested that the
biological complexity is strongly correlated with the proportion of non-protein-
coding sequences (nc) within the total size (tg) of the genome (nc/tg), with
corrections to complete and partial polyploidy (Mattick 2004). Using the nc/tg
annotation, organisms with observed different biological complexity can
roughly be clustered into comprehensive groups, with examples that the two
protistsTetrahymena andParamecium, which have unexpectedly large amount
of protein-coding genes, can be clustered with other unicellular eukaryotes
(Taft et al. 2007).

Consistent with the nc/tg annotation, developmentally more complex
organisms contain larger number of introns, which are known, at least in
vertebrate, to house most small nucleolar RNAs (Kiss 2006) and some
microRNAs (Li et al. 2007). In the “intron-early” versus “intron-late” both
hypotheses are based on introns being devoid of functions (de Souza 2003),
and evolving neutrally (Lynch 2006). In contrast, it has been suggested that
reduction and expansion of introns in complex organisms is resulted from
selection of functions encoded in them (Fedorova and Fedorov 2003). Analysis
of intron-distribution versus gene function from various organisms (Taft et al.
2007) has shown that intron-length and distribution are not random despite

little sequence conservation. Recent studies in yeast showed that some introns
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could improve transcription and translation (Juneau et al. 2006). Also, a
number of studies showed that highly expressed house-keeping genes are
usually compact with reduced introns (Vinogradov 2006; Pozzoli et al. 2007).
Based on the hypothesis that many yet uncovei®dcting andtrans-acting
non-protein-sequences may reside in introns (Taft et al. 2007), it can be
understood that evolutionarily more conserved house-keeping genes generally
require less tissue-specific regulation, thus contain fewer introns, compared
with intron-rich genes involved in higher order functions such as development
and differentiation. Also streamlining transcription and translation in highly

expressed genes can produce a selective pressure to remove introns.

For many years, molecular biology has focused on proteins, whereas RNA
remained as an intermediate of gene expression. But the relationship between
non-protein-coding sequences and biological complexity has made a strong
suggestion that non-protein-coding RNAs (ncRNAs) play important roles in
evolution of eukaryotes. Sequence comparisons from different complexity
levels have exhibited significant conservation of ncRNAs (Dermitzakis et al.
2003; Inada et al. 2003). Many of the ncRNAs share conserved structures
(Torarinsson et al. 2006), expressional control mechanisms (Carninci et al.
2005; Katayama et al. 2005; Ravasi et al. 2006), and specific cellular locations
in some cases (Prasanth et al. 2005; Ginger et al. 2006; Pollard et al. 2006),
suggesting a selective evolution upon structure-function constrains. However,
primary sequences of ncCRNAs can evolve rapidly thus appear less conserved.
For example, thecisregulatory sequences in vertebrates often undergo
shuffling and expansion to form new elements (Sanges et al. 2006). In addition,
microarray studies indicate that natural selectioncm and trans-acting
elements leads to transcriptional variation over evolutionary time (Ranz and
Machado 2006).

All evidence points to the suggestion that a large proportion of the regulatory
network (e.g. transcription, translation, epigenetic control) in eukaryotes
involve functions of ncRNAs, which make a major contribution to increasing
genetic information in complex organisms and play important roles in all levels

of genetic control. The functions of ncRNA extend from basic transcription and
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translation (tRNAs, rRNAs) to complex genetic phenomena suchpsting
(Yazgan and Krebs 2007), RNA interference (Bernstein et al. 2001) and
chromatin modification (Bernstein and Allis 2005). Increasingly new classes of
NcRNAs are uncovered including a large number of snoRNAs which modify
other RNAs (Bachellerie et al. 2002), miRNAs which regulate a wide range of
developmental processes in animals and plants (Meister and Tuschl 2004), and
piRNAs for which the function is not yet clear but evolve rapidly (Aravin et al.
2006). The fact that ncRNA plays a central role in eukaryotes also suggests
their importance in eukaryotic evolution. The consistency between the amount
of non-protein-coding sequences and biological complexity (Taft et al. 2007)

indicates a strong element of ncRNASs in the evolution of complex organisms.

While recent studies have mostly focused on ncRNAs from complex
multicellular eukaryotes, the facts behind the emergence and divergence of
NcRNAs during early stages of eukaryotic evolution still remains unknown.
Evolution of eukaryotes consists of several different stages: formation of
current eukaryotic cellular structure, emergence of multicellularity,
diversification of cell types, and finally formation of complex developmental
mechanisms. Studies of ncRNAs in developmentally complex eukaryotes have
revealed the fascinating roles of ncRNAs in the evolution of genetic controls
which are crucial for the formation of new systems. However, the formation of
tightly controlled systems must be a gradual process which originated from the
‘basic’, but perhaps no less complicated, ancestral state (Kurland et al. 2006).
The presence of large number of ncRNAs in eukaryotes in contrast to the much
less ncRNA content in prokaryotes (Gottesman 2005) supports the idea that the
evolution of complex ncRNA-involving mechanisms is one of the key factors
in the evolution from single-cellular eukaryotes to complex organisms.
Therefore exploring the evolution of ncRNAs in the framework of cellular
biochemistry can help understanding some fundamental questions, especially
during the early stages of eukaryotic evolution. In order to answer these
guestions, it is necessary to focus on the ncRNA-involving mechanisms in
currently available single cellular eukaryotes which still exhibit ancestral

features of biochemistry and metabolism.
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It still remains a question as what extant single cellular rgokes best
represents the ancestral eukaryotes. The basic topology of eukarydtiwasee
constructed with the commonly used small-subunit ribosomal RNA genes
(Sogin 1991). Subsequently several trees constructed by protein sequences
(Keeling and Doolittle 1996; Baldauf and Doolittle 1997) showed many
alternatives for several branches. More recently the studies of organelles and
their interactions with other cellular components have extended the view of
evolutionary biology. Reconstructing the eukaryotic phylogeny has become a
process of synthesising all kinds of data including single gene trees, multi-gene
trees, and structural characteristics of cellular architecture. A recent eukaryotic
tree (Keeling et al. 2005) has grouped all the eukaryotic lineages into five large
groups, where the group of excavates (Simpson 2003) contains a diverse range
of parasitic and/or anaerobic protists, including ultrastructurally simple
organisms such asiardia and Trichomonas. These protists were once
considered to the closest remnants of ancestral eukaryotes due to lacking key
organelles for generating energy such as mitochondria and hydrogenosomes.
New biochemical and ultrastructural methods have been used to reinvestigate
the processes involved in energy generation of these protists, and results
indicate that instead of being “primitive”, they possess organelles which can be
regarded as the reduced form of mitochondria, such as mitosomes identified in
Giardia (Tovar et al. 2003) anH. histolytica (Tovar et al. 1999). Therefore
these protists cannot be classified as the most ancestral eukaryotes, although
there is not yet a defined root for the eukaryotic tree. Here in this study, the
protists within the group of excavates are termed “deep-branching” eukaryotes
due to their complex evolutionary heritage, because no matter where on the

tree they fall they are distantly related to everything else.

Although it is now certain that excavates are not ancestors of modern
eukaryotes (Tovar et al. 2003; van der Giezen and Tovar 2005), they can still
reflect certain ancestral features of ancient eukaryotes. It is now widely
accepted that all modern eukaryotes are evolved from an ancestor possessing
mitochondria (Embley and Martin 2006), because there has not been a modern

* The tree in evolutionary field is a tree showing the evolutionary relationships among various
biological species or other entities that are thought to have a common ancestor.
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eukaryote found to be lacking all mitochondrial functions. Protists such as
Giardia, Trichomonas, Entamoeba, anaerobic fungi and ciliates are very
similar in a sense that they possess either reduced form of mitochondria (Tovar
et al. 1999; Tovar et al. 2003) or hydrogenosomes that produce ATP (Dyall et
al. 2004). It has also been shown that mitochondria and hydrogenosomes are
two forms of the same fundamental organelles that share a common origin
(Embley et al. 2003). Biological and phylogenetic data favours the hypothesis
that ancestral eukaryotes were evolved from ancient phagocytotic cells which
had ability to capture food through endocytosis, and later acquired
mitochondria by engulfing the ancestsaproteobacteria (de Duve 2007; Poole
and Penny 2007)However, the relatively anaerobic living environment for
protozoar parasites, such diardia and Trichomonas, have gone through
reductive evolution (Figure-1) and resulted in reduced organelles and genomes

compared to higher eukaryotes.

Figure-1: Reductive evolution of some deep-branching eukaryotes

(e.g. Giardia intestinalis)

mitosomal eukaryote

ﬂ

a-proteobacterium
-

=
—_— - -~ N
gene transfer

eukaryotic ancestor proto-ancestral eukaryote

gene loss
gene loss

.

mitochondriate eukaryote

(with nucleus) (with proto-mitochondrium) gene loss

ﬁ

hydrogenosomal eukaryote

(e.g. Trichomonas vaginalis)

Most experimental data available is consistent with mitochonddgete organelles;
(mitosomes and hydrogenosomes) are vertical descendants from paatbemdria,
which were taken by the eukaryotic ancestor through endosymbiosiddr&iezen and

Tovar 2005). This evolutionary pathway involves multiple rounds of gamsfar to the

nucleus and also gene loss

* Protozoa (in Greefroto = first andzoa = animals) are one-celled eukaryotes that commonly
grouped in the kingdom Protista together with the plant-like algae and fungus-like water molds
and slime molds.
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Although the currently available protozoan genomes have not been
thoroughly analysed for ncRNA content, it is likely that the ncRNA contents in
these organisms are also reduced based on their reduced genome size
(http://www.sanger.ac.uk/Projects/Protozoa/). The deep phylogeny of
eukaryotes is not yet known, but looking for common features within all deep-
lineages of eukaryotes will possibly reveal features of ancestral eukaryotes
(Collins and Penny 2005). In addition, deep-branching eukaryotes are
biologically much less complex than higher eukaryotes, and are good modern
models for looking into true basal eukaryotes in evolutionary biology.
Extracting genetic information from these organisms can provide important

insights into the evolution of eukaryotes.

In this thesis, one of the deepest-branching eukaryG@tasgia intestinalis is
used as the main model organism for the study of ncRNAs with an aim to
better understand the early evolution of eukaryotes. The thesis is divided into

five chapters, which are summarized as below.

Chapter-1: Evolution of non-protein-coding RNAs — A review of current
literature

To date, genetics and molecular biology have shown that RNA, being one of
the most important molecules in biology, is involved in almost all key
mechanisms of house-keeping, regulation of gene expression and development
in all living organisms (Mattick and Makunin 2006). The antiquity of RNA-
driven biological machinery can be traced back to the hypothetical RNA world
(Gilbert 1986; Brosius 2005). Modern organisms at different degrees have
inherited the basic features of ancestral RNAs and a wide range of RNA-
involving genetic pathways have evolved during eukaryotic evolution: These
include diversification of class and processing mechanism of ncRNAs. This
chapter reviews up-to-date literature on various classes of eukaryotic ncCRNAs
from their current functions to their history of evolution, building up a
comprehensive background of the network of functional ncRNAs currently
existing in eukaryotes. This review helps to select directions of study and also
provides a standard which can be compared with the information collected
from the model organism Giardia.
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Chapter-2: Identification of novel ncRNAs from Giardia intestinalis

A cDNA library was constructed from RNA sized 70 to 600nt purified from
total Giardia RNA. Sequencing and structural analysis identified a number of
typical eukaryotic small ncRNAs while most of the ncRNAs identified from
this library did not exhibit any conservation with known ncRNAs from other
model organisms studied to date. Following computational predictions using a
modified Snoscan programme (Lowe and Eddy 1999) | have identified putative
candidates of C/D-box snoRNAs from tl@ardia genome. In addition,
unusual dsRNAs were found @iardia. Results from this project suggest that
the genetic information encoded in ncRNAs G@iardia may differ
considerably from the standard context of ncRNAs in higher eukaryotes,
though the key characteristic ncRNAs of eukaryotes such as snoRNAs and

RNase P are present.

Chapter-3: Analysis of the ncRNA library of Giardia intestinalis

This chapter extends the analysis on Gardia cDNA library. After more
clones were sequenced, the collective data agrees with my first observation that
Giardia possesses many currently uncharacterized novel ncRNAs. The reason
behind the phenomenon is not yet understood, but is likely to have resulted
from long evolutionary deviation ofGiardia from the major groups of
eukaryotes. Nonetheless, analysis of expressional patterns of various classes of
NcRNAs inGiardia reveals conservation of certain upstream sequence motifs
within proposed promoter regions. The transcription apparat@ardia is

known to be highly reduced (Best et al. 2004). New information obtained from
my studies about the potential features of ncCRNA transcripti@iardia may

lead to further investigation of the transcriptional systems in distant eukaryotes.
In addition, potential new protein candidates Gfirdia RNA polymerase
system are presented here. Finally, detailed structural analysis of the novel
NcRNA candidates has been performed using specialized RNA structural
alignment tools. Results indicate a number of conserved structures within these

novel ncRNAs of Giardia.

10
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Chapter-4: Studies of the major spliceosomal snRNAs in Giardia

Messenger RNA splicing is one of the best studied RNA-processing pathways
in eukaryotes. The key macromolecular machinery — the spliceosome, which
catalyses the splicing reaction, is composed of five snRNAs and over 200
proteins in human (Nilsen 2003). Because introns are major genetic elements in
eukaryotes, the spliceosome is usually highly active and the components of the
spliceosome are highly conserved. InterestinglyGiardia there have been
only three spliceosomal introns published to date (Nixon et al. 2002; Russell et
al. 2005), though others may be present (personal communication with Scott
Roy, NIH). This gives rise to the question that whet@Gardia possesses a
complete spliceosome. It is puzzling if a complex spliceosome evolved in this
organism just for splicing three introns. However on the other hand, the
presence of introns strongly suggests the existence of a spliceosome. A number
of studies have identifiediardia protein homologues involved in mRNA
splicing (Nixon et al. 2002; Collins and Penny 2005), but the presence of the
five snRNAs (apart from one candidate: the U5-snRNA), which are believed to
be the key catalytic components of the spliceosome (Valadkhan 2005;
Valadkhan et al. 2007), is not certain. In this chapter, computational
predictions for four spliceosomal shRNAs are carried out, followed by analysis
of expression and one central protein component of the spliceosome (Prp8) is

studied using biochemical methods.

Chapter-5: Unusual ncRNAs in Giardia and the putative RNAI pathway

A number of transcribed dsRNAs (double-stranded RNAsEi@rdia has

raised my interest to further look into their unusual features. dsRNAs are
known to be largely involved with gene silencing mechanisms in various
eukaryotic organisms. The pathways of dsRNA triggered gene silencing are
reviewed in this chapter. Recent biochemical studies have characterised Dicer:
the key protein component (Bernstein et al. 2001) of the RNAI mechanism
from Giardia (Macrae et al. 2006). This finding reinforces the earlier
suggestions thaGiardia uses RNAI to regulate gene expression (Ullu et al.
2004), however th&iardia endogenous RNAs which are possibly involved in
gene silencing are not yet discovered. Several long tandem repeats of dSRNAs
have been observed to be highly transcribed, and some of them undergo self-

11
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cleavage in the presence of divalent metal ions. The transcriptional patterns and
sequences of these novel dsRNAs are analysed in this section. Results show
that they are likely to be candidates of Dicer protein substrates, although
further verification is still needed. In addition, an earlier study discovered a
truncated transcript of Dicer mRNA, which led to investigations of the
individual RNase Il domain oBiardia Dicer protein. The possibility of RNA-

induced silencing in Giardia is also reviewed.

In all, studies conducted in this thesis provide a systematic view of the
ncRNA-encoded genetic information @Giardia, which is chosen as a model
organism representing evolutionarily reduced, deep-branching eukaryotes. By
exploring some key RNA-processing pathwaysGrardia, various lines of
evidence are collected to enable constructing the framework of ncRNA-
regulated mechanisms in a deep-branching eukaryotic model. A number of
novel ncRNAs with no obvious homology to currently known ncRNAs are
studied from structural and expressional pattern points of view. Results have
extended the current vision of ncRNAs in model eukaryotes. The analysis of
knowledge obtained frorGiardia is done comparatively, based on the current
understanding of ncRNA functions in complex biological pathways. It is hoped
that the study of ncRNAs in a deep-branching model organisms can unearth
previously unknown information about the relationship between ncRNAs and
biological evolution and aid in a better understanding of eukaryotic evolution.

12



Chapter-1

Chapter-One: Evolution of non-protein-coding RNAs

Abstract

To date genetics and molecular biology have shown that RNA, being one of the most
fundamental molecules in biology, is involved in almost all key mechanisms of house-
keeping, regulation of gene expression and development in all living organisms. The
antiquity of RNA-driven biological machinery can be traced back to the hypothetical RNA
world. Modern organisms at different degrees have inherited the basic features of
ancestral RNAs and a wide range of RNA-involving genetic pathways have evolved
during eukaryotic evolution: These include diversification of classes and processing
mechanisms of ncRNAs. This chapter reviews the up-to-date literatures on various classes
of eukaryotic ncRNAs, from their current functions to their history of evolution. It builds
up a comprehensive background of the network of functional ncRNAs currently existing in
eukaryotes. This review helps in selecting directions of study and also provides a standard

which can be compared with the information collected from the model organism Giardia.

This chapter outlines many of the ideas about non-coding (nc) RNAs and
describes several different classes. The earlier parts of this chapter, where the
proposed RNA and RNP worlds are described, is more hypothetical and
speculative. Then the different classes of ncRNAs are discussed based on
experimental and computational data. Nevertheless in order to well understand

the evolution of ncRNAs it is appropriate to discuss the RNA-world first.

1.1 The origin of non-protein-coding RNAs

Modern life on earth is based on a cellular form of reproduction system
maintained by a network of biochemical pathways, which use energy and
generate material required for the continuous operation of the living system.
The total information of any living organism is encoded in the form of DNA,
which is transcribed into RNA and usually translated into proteins, which in
turn join into the complex construction of cellular structures and metabolism.
The information flow from DNA to RNA to protein has been described as the
“Central Dogma” of molecular biology (Crick 1970). It was once generally
accepted that the functions of cellular machines were determined by proteins.
Therefore during early days of biological study, it was thought that the

complexity of an organism, which was encoded within its genome, was
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correlated with the amount of protein-coding DNA. However, more recent
experimental data does not agree with this assumption. Latest surveys of
sequenced genomes suggest a relatively stable number of protein-coding genes
across eukaryotic organisms with wide range of biological complexity (Adam
2000; Aparicio et al. 2002; Waterston et al. 2002; Stein et al. 2003; Haas et al.
2005; Little 2005; Arnaiz et al. 2007). Recent data collected from a large
number of genome-wide transcriptional studies suggests that the large quantity
of non-protein-coding sequences in eukaryotes is strongly correlated with
biological and developmental complexity (Taft et al. 2007), as well as the
evolution of modified gene functions (Dermitzakis et al. 2003; Fedorova and
Fedorov 2003; Ranz and Machado 2006).

Nowadays, as the importance of non-protein-coding sequences of genomes
has been widely accepted, increasing number of studies have been carried out
for the discovery of novel non-protein-coding RNAs (ncRNAs) (Aspegren et al.
2004; Inagaki et al. 2005; Pang et al. 2005; Tang et al. 2005; He et al. 2006;
Huttenhofer and Vogel 2006; Mattick and Makunin 2006). To date various
classes of ncRNAs have been characterised with wide range of functions
including regulation of gene expression, modification of chromatin structures,
and editing other RNAs. The functions of ncRNAs appear to diversify during
eukaryotic evolution but some fundamental features remain conserved. That is
to say, all the ncRNAs found today can be divided into two categories:

catalytic and regulatory.

The origin of ncRNA is perhaps one of the earliest events when life emerged
on earth. The theory of “RNA-world” and “RNA-protein (RNP)-world”
(Gilbert 1986; Brosius 2005) suggests that self-replicating RNAs were one of
the first forms of “life”. The versatile features of RNA molecules support the
hypothesis of an RNA-constructed self replicable system. First, RNA stores
information in the same way as DNA. Second, single-stranded RNA molecules
are highly flexible in forming secondary and tertiary structures, like proteins,
they can form enclosed reactive centres and behave as enzymes in an agueous
environment. Although the catalytic ability of modern RNA enzymes
(ribozymes) is limited to ligation and nucleotide-cleavage (Doherty and
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Doudna 2000), these basic reactions should have been the key components of
an ancient RNA-constructed self-replicating system, as suggested in simulation
studies (Lehmann 2002). The catalytic potential of ancient RNAs is expected to
be more diverse than present (Huang et al. 2000), however the enzymatic
features of ancient RNAs were gradually lost when proteins emerged and took
over the catalytic roles, while a few catalytic features remained due to the fact
that they are not limited by the rate of catalysis (Jeffares et al. 1998). The
remnants of RNA catalysis might be seen in coenzymes, such as FAD, NAD
and NADP, which are dinucleotides with a ribonucleotide structure (Huang et
al. 2000).

In contrast to catalytic RNAs, regulatory RNAs cover much a wider range on
the biological landscape. The variety of regulatory RNAs is associated with the
complexity of metabolism and developmental stages. Collective information
from the main ncRNA database Rfam (Griffiths-Jones et al. 2003) shows that
eukaryotes have a larger variety of regulatory RNAs than prokaryotes, and also
eukaryotes and prokaryotes do not usually share common types of regulatory
RNAs. It may be difficult to trace the origins of different regulatory RNAs to
particular ancestors from the RNA-World. However, it is clear that the
evolution and diversification of regulatory RNAs are continuous processes
closely associated with the evolution of cellular life. In addition, regulatory
RNAs have made better adaptation in eukaryotes, suggesting that the positive
natural selection of ncRNA functions (Taft et al. 2007) is one of the important

elements in the evolution of complex biological mechanisms.

All living organisms can be grouped into the three kingdoms of life (Woese
et al. 1990). However the passage that leads to the first cellular life with DNA
genome from the theoretical RNA-World still remains unclear. Combining
evolutionary data provides evidence of a possible “Last Universal Common
Ancestor (LUCA)” of modern life (Doolittle 1999). It has also been suggested
that at least a number of basic catalytic RNAs and regulatory RNAs were
present in LUCA (Jeffares et al. 1998). Although it is not certain how long it
took for the first cellular life to evolve, the emergence of LUCA could be a
landmark that separated two phases of RNA evolution: the ancient and modern.
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Clearly there can be no consensus yet on what such RNA or RNP-World would
have looked like. Therefore ideas are tentative and Figure-1 shows the
proposed events of RNA evolution in parallel with the evolution of cellular life

from the RNA-World to modern times.

Figure-1: Possible events of RNA evolution during the general evolution of life
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It is proposed here that emergence of LUCA waswndtream event after replacing RNA
genomes with DNA genomes. At the transition periodnf RNA/RNA-protein (RNP) world tc
modern world (DNA genomes), ancestral RNAs have dgbraugh natural selection and fixed
into two major groups: catalytic and regulatory RN#&ich were embedded into the genomes
of ancestral eukaryotes and prokaryotes. Divergeheceodern ncRNAs is likely the result of

genome evolution and expansion of biological pattsvélowever, some interactions between

¢}

ncRNAs and proteins may have been inherited from aheient RNP world before th

emergence of LUCA.

(A) Ancient RNA evolution: This covers the earliest stages of chemical
transformation from non-reproducible materials to biological systems with
genetic inheritance. This process could be random until the initial sequence
pool expanded up to a saturation point, which was restricted by the replication
rate, accuracy, and catalytic ability, of ancestral RNA molecules. Eventually,
faster replicating RNAs gained evolutionary advantage and dominated the

sequence pool. These catalytic RNAs could then evolve into the equivalent of
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modern ribozymes. Another possible feature of ancestral ribozymelskelss

to be the ability to utilize amino acids during catalysis, and hence amino acids
could be absorbed into the replication process of RNA. The consequence of
amino-acid incorporation was the emergence of protein which, enabled
production of longer RNA molecules, formation of cellular structures,
reduction of RNA to DNA, and eventually emergence of LUCA (given

proteins have high catalytic rate and accuracy).

(B) Modern RNA evolution: In contrast to ancient RNA evolution, the
principle of modern RNA evolution is no longer ‘information expansion’, but
‘optimising regulation of biological mechanisms’. Compared to proteins, the
size of RNA is small and easy to fit into any catalytic centre. When the size of
ancient genomes were not large enough to accommodate as many protein-
coding genes for the requirement of biochemical pathways, it is thought that
many RNAs were continuously used as regulatory tools since small size and
structural flexibility of RNA molecules were advantageous for the evolution of
new regulatory functions at relatively low cost. Genetic studies of modern
organisms have shown that ncRNAs have a positive influence on evolution of
genetic regulation in eukaryotes (Brown et al. 2003; Fedorova and Fedorov
2003; Pozzoli et al. 2007). Therefore, studying modern RNA evolution can
lead to a better understanding of the versatile features of ncRNAs and their

close relations to the evolution of modern lives.

In general, it appears that RNA evolution has helped the formation of coding
system and accelerated the evolution of biochemical pathways. However, there
seems to be a “missing age” between ancient and modern RNA evolution,
when active information gain and loss took part in the shaping of current
NcRNA landscape. The effect has been noticed that, while some ncRNA
functions may be traced back to ancestral states, many modern ncRNAs appear
to have emergede novo within eukaryotes, thus missing a direct link to any
possible ancestral features. This situation is common in higher eukaryotes such
as mammals. We can envisage different forms of RNA continuity back to an
RNA-world. The first would be direct continuity, and would probably include
the ribosome and RNaseP. However intermediate forms could be when the
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protein processing machinery for small RNAs were required deulkgryotic
evolution and RNAs with new functions could be recruited, such as the Xist
RNA in X-chromosome inactivation in mammals. Certainly it is not a favoured
observation that the evolution of RNAs appears to be partly discontinuous. But
considering the complex evolutionary passage from single-cellular organisms
to developmental complex higher eukaryotes, numerous evolutionary incidents
could happen so that one function could find a new application with small
modifications. Being highly adaptable, RNAs could have gone through
multiple steps of adaptation and lost the original identity originally formed in
the lost RNA-world.

1.2 Relics from the RNA-world

1.2.1 The history of universal house-keeping RNAs

The “DNA-RNA-protein” coding system is a universal feature of all living
organisms. rRNAs and tRNAs are two types of ncRNA that play key role in
this system and are absolutely required for any organism, hence they can be
considered as “house-keeping RNAs”. rRNAs and tRNAs from all species
share conserved sequences and structures, and therefore are likely to be the
oldest ncRNAs according to current knowledge of evolution.

Throughout the early 1970s, much evidence suggested rRNA played
functional roles in translation, from the studies of site-directed modification of
nucleic acid residues in rRNAs (Bowman et al. 1971; Senior and Holland 1971;
Helser et al. 1972; Noller and Chaires 1972; Lai et al. 1973). The discovery of
catalytic RNA in 1982 (Kruger et al. 1982) strengthened the possibility of
rRNA taking part in the active catalytic mechanism of protein synthesis. It
remained a question until the structure of ribosome was explored td 3.2
resolution (Ban et al. 2000), and it became clear that rRNA plays fundamental
roles in at least two basic mechanisms of translation: tRNA binding and
catalysis of peptide bond formation. The atomic structure of the peptidyl
tranferase active site shows that the RNA that surrounds the substrate
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analogues is closely packed (like the active site of a proteiynee), and the

nucleotides in contact with an inhibitor molecule are >95% conserved in all
three kingdoms of life (Nissen et al. 2000). Therefore it is clear that the
ribosome is a ribozyme, and in its earliest form proteins might only have had

structural/stabilizing roles.

Ribosomal RNAs have well defined secondary structures with extensive three
dimensional helical structures formed from double-stranded segments, thus
they are stereochemically constrained from many random mutations and
recombination. According to the theory of the origin of genetic information
(Eigen 1993), assembling information from poly-nucleotides was random and
the initial sequence pool consisted of a vast number of similar but not identical
sequences. Mutation and natural selection then drove the functional competent
sequences through an evolutionary bottleneck. Study of the mutation rates of
modern genomes found that DNA-based genomes are relatively stable
compared to RNA-based genomes such as in lytic viruses and retroviruses
(Drake 1999). The overall complex and mature structure of rRNA suggests that
ancestral rRNA has reached an evolutionarily competent level before the
emergence of first DNA-based organism. The length of modern rRNA does not
permit a spontaneous origin from genomic recombination; instead rRNA may
only evolved from naturally selected functional ancestral RNA motifs before
LUCA.

tRNAs are another type of house-keeping RNA likely to have emerged from
the RNA-world (Maizels and Weiner 1994). The cloverleaf shaped structure of
tRNA is highly conserved in all living organisms. It has been discovered that
the energy used to drive translocation during translation is stored in the tRNA-
MRNA-ribosome complex after peptide-bond formation, thus translocation is a
function inherent to the ribosome (Fredrick and Noller 2003). Since tRNA is
much smaller than rRNA, it is likely that tRNA evolved to a modern tRNA-like
mature form far earlier than rRNA. The fact that tRNA had been selected as a
basal component of the translation system does not assume that tRNA evolved
for this purpose. tRNAs from various species do not share significant sequence
similarity, and the transcriptional patterns of tRNAs vary largely. Group | and
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Group Il self-splicing introns are both found in bacterial tRNA gene
(Reinhold-Hurek and Shub 1992). A special tRNA-type intron is found in
eukaryotes and archaea (Phizicky and Greer 1993). And in isolated cases such
as the deep-branchirganoarchaeum equitans, the tRNA genes exist in two
halves, transcribed separately and ligated by an unknown mechanism (Randau
et al. 2005). Therefore the ways by which ancestral tRNAs embedded into

early genomes were likely to be highly variable.

Studies on the origin of tRNA lead to the hypothesis that tRNAs were formed
by ligation of primordial hairpin RNAs (Di Giulio 1999; Tanaka and Kikuchi
2000). It has been proposed that the tRNA family started from a sequence
distribution of neutral mutants with a subsequent parallel expansion rather than

hierarchically successive divergence, and historically this infers to the period

Figure-2 : Hierarchical divergence v.s. Parallel expansion
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when the genetic information was not yet integrated into one replicable unit

like in modern genomes (Eigen and Winkler-Oswatitsch 1981a). However, to

retain the conserved structures against the highly dynamic nature of ancient
evolution, they may have had a function which was retained as a basic
constituent of the evolution apparatus during the first stages of evolution

(Eigen and Winkler-Oswatitsch 1981b).

The anticodon structure of modern tRNA strongly suggests that the “tri-
nucleotide” coding system retained its ancient form at least during peptide
synthesis in the late RNA-world. In the theoretical model of primordial

aminoacylation described by Lehmann (Lehmann 2002) as shown in Figure-3,
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the translated region of the RNA template is composed of tri-nucleotide repeats,
which are recognized by primordial tRNAs containing the tri-nucleotide
anticodons and amino-acid docking sites, so that aminoacylation proceeds on
the ends of the tRNA-like molecules assisted by the ancient ribosome. This
model applies the anticodons to evolve towards “RNY” triplets, which are a
later form of codons of “GNC” triplets (Eigen and Schuster 1977), and
encourage the evolution of the first peptide replicator. This model was
reinvestigated by computational approach that non-trinucleotide anticodons
disappeared during simulation (Lehmann et al. 2004). It is likely that the origin
of the first peptide replicator and the prevalence of “RNY” triplet were crucial
steps during the transition from the RNA World to DNA/Protein World, and
thus the origin of tRNA-like molecules is the most important step during this

period. Figure-3 shows a proposed model of ancient translation.

Figure-3 : Lehman model of ancient translation directed by primordial tRNAs Translation starts where the
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1.2.2 The antiquity of catalytic RNAs

Perhaps most ncRNAs seen today cannot be traced directly back to ancestral
RNAs. However, relics from the RNA World can still be found. Although most
biological catalysis is performed by proteins, eight classes of natural ribozymes
have been discovered to take part in several fundamental biochemical reactions
such as nucleotide cleavage and ligation (summarized in Table-1). Unlike
many other modern ncRNAs, which function in protein-RNA complexes, these

ribozymes are able to catalyse as RNAs.
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Table-1: Summary of natural ribozymes

Classification Functions Expression in host organisms
Hammerhead Self-cleavage of rolling Satellite RNA in plant viruses
ribozyme circle replication
products into genome
length units
Hepatitis  delta Metal ion independen Hepatitis delta viruses
virus (HDV) | self-cleavage of rolling
ribozyme circle replication
products at high
temperature
Hairpin ribozyme| Reversible self-cleavag Satellite RNA in plant viruses
of rolling circle

replication products

Neurospora
Varkud satellite
(VS) ribozyme

Self-cleavage to genera
monomeric VS RNA

Satellite RNA in Murospora Varkud

Group | self-

Mg“* dependent self

rRNA, tRNA and mRNA of organelles in

splicing intron splicing of mRNA,| fungi, plants and protists; tRNA mMRNA of
tRNA and rRNA in | bacteria/bacteriophage; rRNA of protists,
vitro, but protein| fungi and isolated cases in animal

machinery is requireth
Vivo.

mitochondria (e.g. Sea anemone)

Group Il self-

Self-splicing occursin

rRNA, tRNA and mRNA of organelles ¢

=

splicing intron vitro but protein| fungi, plants, protists and mMRNA of
machinery is require¢ bacteria.
for splicing in vivo.

Ribonulease F Catalyse endo| RNaseP is present in all three kingdoms of

and MRP nucleotide cleavag( life, while MRP is only present in
reactions on pre-tRN4 eukaryotes.
or pre-rRNA.

Riboswitch Binding to smalll mRNA of both gram-positive and gram-
metabolites in  the negative bacteria, plants and fungi
absence of protei
factors. Some

riboswtiches can directl
cleave the associate

MRNA

(Diener 1989; Saville and Collins 1991; Schmitt et al. 1993; Pley et al. 1994a; Scott et al.

1995; Earnshaw et al. 1997; Ferre-D'Amare et al. 1998; Pannucci et al. 1999; Doherty and
Doudna 2000; Ikawa et al. 2000; Bonen and Vogel 2001; Blount and Uhlenbeck 2002;

Hartmann and Hartmann 2003; Vitreschak et al. 2004; Haugen et al. 2005)

1.2.2.1 Small catalytic RNAs
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The hammerhead, hairpin, HDV and NVS ribozymes are small RNA
molecules (50-150nt) which can self-cleave independently of protein cofactors
both in vitro and in vivo (Fedor and Williamson 2005). The hammerhead
ribozymes are a type of simplest ribozyme. Studies usingtro selection
techniques, starting from a random pool of 60nt long RNA molecules, obtained
predominantly hammerhead RNAs after 16 rounds of replication and selection
(Salehi-Ashtiani and Szostak 2001). As repeated evolutionary selection tends
to achieve the most common solution to a biological problem, the hammerhead
ribozyme which has the simplest structure is likely to represent the ancestral
form of these ribozymes originated from the RNA-world.

After the first crystal structure of hammerhead appeared (Pley et al. 1994b;
Scott et al. 1995), it soon became clear that functional groups involved in
cleavage reactions either protrude into the solvent, or interact with other groups
with less importance (McKay 1996). A number of studies further analyzed the
inconsistency between observed structures and mechanistic understanding of
hammerhead (Horton et al. 1998; Kisseleva et al. 2005; Vogt et al. 2006), and
all data implies that the active form of hammerhead is not the ground-state
conformation observed by crystallography. Figure-4 shows three typical stem-
loops structures of hammerhead for different sequences. Unexpectedly, it has
been shown that peripheral structural elements in stem | and stem II, which
share little sequence homology across various hammerhead ribozymes, greatly
contributed to catalysis under physiological conditions (De la Pena et al. 2003;
Khvorova et al. 2003). A more recent study using a full-length “tertiary-
stabilized” hammerhead has explained the previously irreconcilable sets of
experimental data by showing an intricate network of interactions between the
loop regions of stems | and Il, so that the functional nucleotides could closely
approach each other (Martick and Scott 2006). Despite lacking of homology
between different small self-cleaving RNAs, similar impact of long-range
interaction between peripheral domains in ribozyme catalysis has also been
observed for the HDV ribozyme (Tinsley and Walter 2007).
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Figure-4 : Schematic diagrams of hammerhead stem-loop structures
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Types |, Il and Il hammerhead ribozymes are shown here. Peripheral regions shown a
dotted lines contain the tertiary stabilizing motifs and can be of arbitray. Stems 1, 2
and 3 are indicated (Burke and Greathouse 2005).

The hammerhead may be called a simple ribozyme due to its small size, but
the mechanism of its catalysis is by no means simple. Under standat
assaying conditions with elevated divalent metal ions (10mM" W
minimum hammerhead enzyme can catalyse self-cleavage at a high rate.
However an active-site metal ion was not evident in the native hammerhead
RNA from the blood-flukeSchistosoma (Martick and Scott 2006), which
exhibited a single-step folding process at low concentration 6f (Rgnedo et
al. 2004). In contrast, the folding behaviour Sthistosoma hammerhead in
Na" solution showed a two step folding process similar to the minimal
hammerhead lacking the tertiary loop-loop interactions (Penedo et al. 2004).
While Schistosoma hammerhead requires inner-sphere interactions with
divalent ions, a recent work has investigated the ability of an artificial
hammerhead ribozyme to self-cleave in the presence of either monovalent,
poly-amine or exchange-inert trivalent cations, and results indicate this
ribozyme can use an alternative folding pathway in the presence of non-
divalent cations (Roychowdhury-Saha and Burke 2007). In addition,
monovalent cation promoted catalysis of HDV ribozyme (Ke et al. 2007) and
hairpin ribozyme (Young et al. 1997; Murray et al. 1998) has also been

reported.
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It has become clear from recent studies of small self-cigavbozymes that
tertiary structural interactions are crucial for the activity of ribozymes, and
peripheral stem-loops are important for the stabilization of the active structure.
The divergence of peripheral sequences, the different folding processes and
varying requirements of cations indicate a high tolerance of structural changes
during the evolution of these ribozymes, which are likely to have evolved from
an ancestral minimal hammerhead ribozyme. The strong correlations between
structure and function during evolution of ribozymes (Hoogstraten and Sumita

2007) are also observed in other major classes of natural ribozymes.

1.2.2.2 Self-splicing introns

The variable dependence of cations for competent catalysis of small self-
cleaving ribozymes indicates direct participation of RNA groups in the
chemistry of catalysis. The observations from studies of hammerhead and
hairpin ribozymes (Pyle 1993) contradict the early concept that RNA was
relatively inert in catalytic terms and serving mainly to correctly position
catalytically-active metal ions. Unlike small ribozymes, the relatively large
self-splicing ribozymes from all studies to date have been shown to be obligate
metalloenzymes. There has been no evidence for RNA groups participating in

the acid-base catalysis.

There are two classes of self-splicing ribozymes, named Group | and Group |l
introns. Group | introns, including the first discoverstrahymena ribozyme,

are widely distributed in protist nuclear rRNA genes, fungal mitochondria,
bacteria and bacteriophages, and they are self-spliced by a distinctive two-step
mechanism relying on an external guanosine as cofactor (Haugen et al. 2005).
Group Il introns are found in bacterial and organellar genomes, and are spliced
through a different mechanism, instead of a guanosine, 4Bél Zjroup within

the intron acts as nucleophile (Bonen and Vogel 2001). Both groups of
ribozymes can act as pure RNA catalystwitro, but usually require protein
cofactorsin vivo. Figure-5 compares the splicing mechanisms of Group | and |l

introns.
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Figure-5: Splicing mechanisms of Group | and Group Il ribozymes
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The group | intron binds a free guanosine (G) to a specific site to initiate splicing,|while
the group Il intron uses a specially reactive adenosine (A) imtitoen sequence itself for
the same purpose. Both reactions are normally aided by proteins that speed upitime react
but the catalysis is nevertheless mediated by the RNA in the intron sequendgurais
from (Alberts et al. 2002).

Group | introns were the first example of RNA catalysis discovered (Kruger
et al. 1982). Various studies have shown the critical role of a precise core of
multiple divalent cations at the active site. Substitution experiments with
sulphur replacing phosphate oxygen, thus disrupting"Minding, followed
by metal-rescue experiments have provided a clear view of the constellation of
cations at the transition state Bétrahymena ribozyme self-splicing reaction
(Shan et al. 1999; Shan et al. 2001), and identified functional binding sites for
the catalytic divalent ions within the intronic active site (Szewczak et al. 2002;
Hougland et al. 2005). These data provides a concise model of the chemistry
of transition state, and contributes to the analysis of atomic-level structures of

the ribozyme.
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High resolution crystallography of the active Group | ribozymeidiastified
two divalent metal ions in the active site (Adams et al. 2004). The crystal
structures of Group | ribozymes frofietrahymena (Guo et al. 2004)Twort
(Golden et al. 2005) andzoarcus (Stahley et al. 2007) support a conserved
core structure stabilized by peripheral elements which are variable between
organisms. This feature of peripheral structures stabilizing a conserved core
structure is similar to the structure-function relationships seen in small
ribozymes. Similarly, Group Il introns also require the interaction of peripheral
stem-loops to stabilize the tertiary structure (Fedorova et al. 2003) and two
divalent metal ions in the reaction centre (Gordon et al. 2007).

Despite well studied biochemistry of self-splicing ribozymes, the evolution of
both Group | and Group Il introns still remains a topic of extensive discussion.
Group | introns have sporadic distribution on the tree of life. Most of them are
found in the organelles of fungi, plants and red algae with the rest found in
bacteria and isolated cases in animals (Haugen et al. 2005). Viruses and phage
can possess Group | introns as well (Nishida et al. 1998; Sandegren and
Sjoberg 2004). The distribution of Group Il introns is very similar to that of the
Group | introns, with the majority found in organellar genomes of plants, fungi
and algae, the minority found in bacteria and archaea, but none in animals so
far (Bonen and Vogel 2001; Toro 2003). Both groups of ribozymes are mobile
genetic elements (Goddard and Burt 1999; Cousineau et al. 2000), both have
gone through extensive horizontal gene transfer (Belfort and Roberts 1997) or
act similarly as retrotransposons (Bonen and Vogel 2001). The enrichment of
self-splicing ribozymes in organellar genomes suggests vertical inheritance of
the ribozymes in cyanobacterial ancestors of organelles, but their association
with different types of genes (Belfort and Roberts 1997; Bonen and Vogel
2001) and distinct mechanism of gene transfer suggest an early divergence of

these ribozymes before the origin of cyanobacteria.

The autocatalytic feature of self-splicing ribozyniesitro is an evidence of
their possible early origin in the RNA Worlth vitro experiment showed that
converting a self-splicing Group | intron into a protein-binding
ribonucleoprotein (RNP) complex only required small structural change in the
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peripheral domains, and the active core structure was stabilizibe fpyotein
cofactor (Garcia and Weeks 2003). This suggests that evolution from catalytic
RNAs to catalytic RNPs has low cost in RNA molecules, because the later
incorporated proteins have functions mainly in protecting and stabilizing the
RNA cores in more complex cellular environments. The same role of protein as
structural support is also seen in the classical ribozyme RNase P, which has

universal existence across three kingdoms of life.

1.2.2.3 RNase P and MRP

The ribonucleoprotein enzyme RNase P catalyses the endonucleolytic
reaction at 5' end of primary tRNA transcripts to produce mature tRNAs
(Frank and Pace 1998). To date, RNase P is the only ribozyme, besides the
ribosome, required in all species of prokaryotes and eukaryotes. Eukaryotes
have another RNase P related endonuclease MRP, which processes the
precursor of rRNA. The bacterial RNase P ribozyme contains one catalytic
RNA subunit of 350-450 nucleotides and a single small protein (Brown 1998).
Archaeal and eukaryotic RNase P, and eukaryotic MRP, contain an RNA
subunit of the similar size, however, they have multiple protein subunits. The
RNAs in RNase P and MRP from different organisms share the same structural
architecture around the catalytic core (see Figure-6) although the overall

sequence and structure differ significantly (Marquez et al. 2005).

Similar to other large ribozymes, the activity of RNase P is dependent on
divalent metal ions. The RNase-P RNA is associated with a large humber of
Mg** (Beebe et al. 1996). The folding of individual domains is a cooperative
process in the presence of figKent et al. 2000), and it has been suggested
that changes in intracellular concentrations of divalent ions (e.§. fgl C4")
regulates the activity of RNase P (Brannvall and Kirsebom 2001). Two groups
of metal ions are likely to be involved with RNase P catalysed cleavage: one

promotes the folding and the other aids catalysis (Kirsebom 2007).
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Both prokaryotic and eukaryotic RNase P RNAs are active as pfotein
ribozymes invitro, although eukaryotic RNase P has a much lower rate of
cleavage (Kikovska et al. 2007). Sequence alignment of 30 eukaryotic RNase-P
RNAs showed <80% similarity among them, the non-homologous regions are
eukaryote-specific and highly variable in both sequence and length (Marquez et
al. 2005). Although the sequence homology is low, the highly similar core
structure (Figure-6) between prokaryotic and eukaryotic RNase P RNAs
suggests an early common origin of this RNA structure, and the catalytic core
has remain conserved by evolutionary constraint while the peripheral domains

evolve more freely.

Figure-6 : Minimum core structures of bacterial and eukaryotic RNase P
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helix-P4 formation. The structures are drawn according to (Marquez et al. 2005).

In contrast to the RNA subunit, RNase-P proteins have high degrees of
diversity between the kingdoms of bacteria, archaea and eukaryotes. The single
bacterial RNase-P protein has no detectable homologues in eukaryotes, and
most archaeal RNase P enzymes only contain 4 orthologs with over 10
eukaryotic RNase-P proteins (Hartmann and Hartmann 2003). The consensus
core of RNA subunits versus the divergence of protein subunits suggests that

the RNase P may have evolved from an ancestral ribozyme before the

29



Chapter-1

divergence of bacteria, archaea and eukaryotes. This possibitgjnferced
by the fact that tRNAs is likely to have the most ancient origin, therefore

RNase P which processes tRNAs may have an ancient origin too.

Unlike RNase P, RNase MRP is only found in eukaryotes. It was first
identified as an RNase that cleaves RNA primers for the initiation of
mitochondrial DNA replication in mouse and yeast, and later found to be
mainly involved in rRNA processing in the nucleus (Morrissey and Tollervey
1995). The overall structure of the RNA subunit in RNase MRP is similar to
that of RNase P, and the MRP enzyme shares a number of protein subunits
with RNase P (Chamberlain et al. 1998). MRP RNAs from different eukaryotes
show a conserved core structure, but the peripheral domains differ significantly
among different species (Woodhams et al. 2007). An early duplication event
could have separated the functions of these two enzymes, and the presence of
MRP RNA in a number of deep-branching eukaryotes suggests that this
duplication event likely happened during early eukaryotic evolution
(Woodhams et al. 2007)

The evolution of RNase P and MRP raises the interesting question of how an
early RNA ribozyme gradually recruited proteins to adapt to the new cellular
environmentWhile the conserved secondary structures of the RNA subunits in
RNase P and MRP correspond to the conserved functional requirements,
changing cellular compartmentalization may exert greatuenite on the
variations such as difference in protein association. It has been proposed that
RNase P enzyme had persisted as an RNA-protein ribozyme for a certain time
during an evolutionary period where the Protein World was already dominating
and a cellular compartmentalization already existed at that stage (Hartmann
and Hartmann 2003)As a consequence, protein binding is likely to lead to
sequence change of the ancestral RNA subunit, and change in sequence can
lead to association with new protein partn@itserefore, changing in sequence
and associating with increasing protein subunits may be mutually advantageous

before optimal catalytic potential has been achieved in complex organisms.
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In all, the catalytic ability of RNAs has persisted agdime since its origin
from the RNA World. Ribozymes of different level of complexity share similar
features such as the requirements of metal ions and important structure-
function relationships. It has been seen from various ribozymes that folding of
RNA sequences is the key determinant of function. Therefore functionally
NcRNAs are like protein enzymes such that the specific folding and
interactions between sub-domains of an RNA sequence can promote
interactions with substrates. This feature is also seen in ncRNAs that function
as signal transduction molecules regulating gene expression by binding to
small ligands.

1.2.3 Ancient RNA regulators — Riboswitches

A type of RNA sequence within mRNAs can fold into structural domains and
regulate adjacent gene expression by binding to small molecules such as
metabolites. These RNA structures are called riboswitches, which are broadly
distributed in bacteria (Winkler and Breaker 2005) and use a number of
different mechanisms to regulate gene expression: such as preventing ribosome
binding (Winkler et al. 2002), formation of hairpin structures which terminate
transcription (Mandal and Breaker 2004), or acting as ribozymes for direct

cleavage of mMRNAs (Doudna and Lorsch 2005).

Riboswitches have been well adapted into various metabolic pathways in
nature. Studies of conserved regulons in bacterial genomes often lead to
discoveries of conserved riboswitchegice versa, comparative genomic
studies using riboswitches can lead to discoveries of new metabolic pathways
too (Rodionov et al. 2002). Riboswitches are suggested to have an ancient
origin (Vitreschak et al. 2004). NMR studies showed that binding of guanine or
adenine to the BUTR of the G-switch or A-switch RNA irB. subtilis is
specified by intermolecular Watson-Crick-type base pair between the ligand
and the riboswitch (Noeske et al. 2005). This evidence of an extremely small

ligand-switch interface supports a very flexible evolutionary passage of
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riboswitches, because only small changes in sequence or stracturequired
for changes of ligand.

Riboswitches have also been discovered in eukaryotes. Production of
thiamine pyrophosphate (TPP) — an essential cofactor in bacteria, archaea and
eukaryotes is tightly regulated by TPP-binding riboswitches, which share the
same conserved structure and undergo similar conformational changes during
gene regulation (Sudarsan et al. 2003). Fungal and plants’ TPP-binding
riboswitches are found either within introns or the & 3- untranslated
regions of the regulated genes (Kubodera et al. 2003; Sudarsan et al. 2003).
They have recently been found to regulate some alternative-splicing (Cheah et
al. 2007).

Crystal  structure  of
Arabidopsis TPP-binding
riboswitch (Thore et al.
2006) revealed the TPP-

induced conformational

Figure-7: The “ON” and “OFF” switch of Arabidopsis TPP riboswitch
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TPP structure consists of

five helices. Upon TPP binding with the conserved sequences at helix junctions
4/5 and 2/3, the loop 5 interacts with helix 3 and brings the two parallel helices

together forming the “off” structure.

Recent study of TPP-binding riboswitches in the fungesospora crassa
has found that this riboswitch can regulate gene expression through alternative
MRNA splicing. Binding of TPP induces structural rearrangement which either
blocks or reveals key intron sequences and therefore determines the different
MRNASs resulted from alternative splicing. (Cheah et al. 2007). The role of

alternative splicing in eukaryotic gene control has become increasingly
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apparent (Moroy and Heyd 2007; Sorek 2007), and the involvement of
riboswitches in regulating alternative splicing is rather certain as more
evidence is being discovered (Borsuk et al. 2007). Given the extreme flexibility
of RNA folding, it is likely that riboswitches are widely used for gene control

in eukaryotes. Although similar riboswitches have not yet been seen in animals,
an artificial riboswitch has been made to regulate splicing in mammalian cells
(Kim et al. 2005).

1.3 Evolution of ncRNAs in eukaryotes

With advanced computational strategies for searching conserved ncRNA
sequences from sequence genomes, a vast variety of ncRNAs have been found
in eukaryotes (Griffiths-Jones et al. 2005; Mattick and Makunin 2006; Yazgan
and Krebs 2007). High throughput biochemical methods for ncRNA
identification also have revealed that eukaryotes possess many more regulatory
NcRNAs than prokaryotes, as seen in the Rfam database (Griffiths-Jones et al.
2005). The evolution of ncRNA in eukaryotes has reached the stage of modern

diversification involved with the complex genetic control and development.

1.3.1 Introns and their roles in eukaryotic evolution

Most eukaryotic mMRNAs include intron sequences which are spliced out by a
large ribonucleoprotein complex — the spliceosome (Nilsen 2003) during a
coupled transcription-translation cascade. The discovery of introns
(Williamson 1977)soon provoked different theories on intron evolution. The
“intron-late” theory suggests that introns are transposable elements inserted
into previously un-split genes (Cavalier-Smith 1985). In contrast, the “exon
theory of genes” suggests that introns allow shuffling of protein-coding
sequences and increase complexicity by recombination and supports the
“intron-early” hypothesis (Gilbert 1978; Roy 2003) which suggests that introns
are ancient border exons. In addition, the “intron-early” hypothesis suggests
that some introns encoding small RNAs are older than the surrounding exons
(Poole et al. 1998).
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Spliceosomal introns are only found in eukaryotes, and they are spitted w
the same general mechanism as Group Il introns (Jurica and Moore 2003). It
was once suggested that the self-splicing introns, tRNA introns and
spliceosomal introns have unequal antiquity (Cavalier-Smith 1991). However,
the completely different protein apparatuses associated with the self-splicing
introns and spliceosomal RNAs suggests an early divergence of these RNAs,
possibly even before the RNA-protein intereactions were evolved. Several
studies have uncovered spliceosomal introns in phylogenetically basal
unicellular amitochondriate parasitic eukaryotes (Nixon et al. 2002; Russell et
al. 2005; Vanacova et al. 2005), which were thought to be ancient eukaryotes
before spliceosomal introns originated. However they are now classified as a
group known as excavates, which generally have, a low intron density.
However recently, remarkable high densities of ancient spliceosomal introns
have been found in the oxymonad excaiteblomastix strix (Slamovits and
Keeling 2006). These results suggest that spliceosomal introns were likely to
be abundant in ancestral eukaryotes, but subsequently lost in some lineages of
excavates. Therefore, the spliceosomal introns in eukaryotes are probably as
ancient as the self-splicing introns. Extensive biochemical studies have been
done on the mechanism of splicing, and information on RNA folding and

catalysis has provided insights into the evolution of introns and splicing.

Spliceosomal introns are constantly undergoing extensive loss and gain
procress (Roy and Gilbert 2006). Exonization of introns has been realized as a
frequent process, which leads to the formation of thousands of new exons in
vertebrates (Wang and Kirkness 2005; Wang et al. 2005; Alekseyenko et al.
2007; Krull et al. 2007). Alternative splicing of introns allows expression of
new genes with recently integrated exons while old genes still remain intact. It
has been shown that new exons are more frequently spliced out than old exons
(Alekseyenko et al. 2007), therefore the effect of exon insertion is probably, on
average, mildly deleterious or neutral (Xing and Lee 2006). In addition to
protein-coding genes, alternatively spliced ncRNAs have also been discovered
(Feng et al. 2006; Royo et al. 2007). Together, the dynamic pattern of intron
evolution has remarkably increased the information content of genomes but yet

maintains the original transcriptome.
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1.3.2 Divergence of regulatory RNAs

Compartmentalization of cellular structures and divergence of cell types in
eukaryotes has increased divergence of regulatory ncRNAs. Extensive studies
have uncovered a large number of novel ncRNAs including small RNAs
functioning in the nucleus and nucleolus as well as abundant large ncRNAs

which function at various levels. These will be discussed next.

1.3.2.1 RNAs in the nucleus — small nuclear RNAs

A number of key processes in eukaryotes are compartmentalized in the
nucleus, such as replication of the chromosome, transcription and RNA-editing.
An increasing amount of novel ncRNAs are being found to be located in the
nucleus, including small-nuclear RNAs (snRNAs) functioning in mRNA
splicing, small nucleolar RNAs (snoRNAs) involved in RNA methylation and
pseudouridylation, and numerous large ncRNAs over the size of 10kb, with

functions yet to be characterised (Furuno et al. 2006).

Intron splicing is one of the major and well-studied processes which take
place in the nucleus. Three types of spliceosome-mediated splicing exist in
nature: major splicing, minor splicing, and trans-splicing. Almost all the
eukaryotic nuclear pre-mRNAs are spliced by the major spliceosome, which
appears highly conserved in eukaryot&he major spliceosome is a large
multi-subunit macromolecule formed by five uridine-rich small nuclear
ribonucleoprotein particles (U-snRNPs): Ul, U2, U4, U5, U6 and over two
hundred non-snRNP splicing factors (Kramer 1996; Jurica and Moore 2003;
Nilsen 2003).

Pre-mRNA introns are spliced in the same general way as Group Il ribozymes
(Figure-5). The splicing process (as shown in Figure-8) involves sequential
association of UsnRNPs with the conservedaid 3* intron sites, and the
formation of a catalytically competent spliceosome. Most introns contain
canonical 5’ (GU) and 3 (AG) sites, and a conserved branch point sequence
followed by a polypyrimidine tract. In the early stage of spliceosome assembly,

Ul binds at the'5 splice site, and U2 snRNP binds loosely near theice
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site through complementary nucleotide sequences (Das et al. 200 In
presence of ATP, the pre-assembled U5/U6.U4 tri-snRNP complex binds to the
5’ splice site with assistance from the DExH-box RNA helicase family protein
Prp8, and U2 snRNA firmly base pairs to the conserved adenine on the branch
site of the intron (Maroney et al. 2000). Upon initial assembly, the spliceosome
undergoes a series of structural rearrangements: the extensive base pairing
between U4 and U6 snRNAs is unwound, followed by U6 base pairing with U5
and 5 splice site, whereas Ul and U4 are released for recycling (Collins and
Guthrie 2000).

Figure-8: The mechanism of spliceosome assembly and catalysis
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The overview of the spliceosome-mediated intron splicing is drawn according to
(Grainger and Beggs 2005; Chen et al. 2006) with modifications. Much egigeinds to
the possibility that snRNPs are responsible for the catalyfivity of spliceosome
(Valadkhan 2005). Ul snRNA functions early to specify thdriton site through base
paring, but is released before the actual catalysis proceedsar§imi4 snRNA is
released before the first step of splicing reaction, and is didgensathe catalytically
active spliceosome (Yean and Lin 1991). U2, U6 and U5 snRNAs rexh#tie catalytic
core throughout the splicing reaction. Three interactions between U2 andeldd
identified from studies of mammalian and yeast systems, andsiveven to be required
for splicing (Hausner et al. 1990; Datta and Weiner 1991; MadhdrGathrie 1992; Sun
and Manley 1995) U5 appears to act as a scaffold RNA to hold thexem-intron

junction sites at appropriate orientation by its invariant loop (Collins arfati&@000).
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Both structural and biochemical data suggest that the major spliceosome is a
ribozyme. In vitro transcribed human U2 and U6 snRNAs can bind and
position a small RNA fragment containing the sequence of the branch-point
nucleotide in the presence of fMgand the RNA-RNA interacting complex is
structurally very similar to the RNA complex during the first step of splicing
(Valadkhan and Manley 2001). A ribozyme model for U6 snRNA has been
suggested; U6 possesses an intramolecular stem-loop structure which is able to
form in the active spliceosome when bound to U2 to form a C-A wobble base
pair (Huppler et al. 2002). The sequence of U6 snRNA is highly conserved in
phylogenetically diverse eukaryotes (Tani and Ohshima 1991), suggesting its

early origin in the eukaryotes.

U6 snRNA shares extensive structural and functional similarities with the
catalytic domain of a Group Il ribozyme, which was shown to be able to
substitute the U6 snRNA in an active spliceosome (Shukla and Padgett 2002).
NMR structures of the catalytic motif of U6 snRNA and Group Il ribozyme
show three critical regions: the tetraloop, bulge and conserved “AGC”

sequence (as shown in figure-9).

Figure-9 : The catalytic motif of U6-snRNA and Group Il ribozyme This flgure shows the

comparison between the
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that U6 possesses catalytic
function came from the discovery that yeast U6 snRNA coordinalg®aion, andin
vitro splicing and mutagenesis using synthetic U6 snRNA demonstrated that two non-
bridging oxygens of the uridine-80 residue of U6 was necessary for the catalytity @ftivi

the spliceosome (Yean et al. 2000).

The presence of spliceosomal introns in all the eukaryotes known to date
suggests that spliceosomal introns were present in the common ancestor of

eukaryotes, and evolution of the spliceosome is likely to be the result of
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selection upon its splicing function. The shared structural and functional
features between spliceosomal RNAs and Group Il ribozymes suggest a
common origin of these ncRNAs. Distribution of self-splicing ribozymes

shows little evidence that they had ever been transferred into the nuclear
genomes of eukaryotes. Ancient spliceosomal introns in deep-branching
eukaryotes (Nixon et al. 2002; Russell et al. 2005; Vanacova et al. 2005;
Slamovits and Keeling 2006) suggest that spliceosomal introns and the

spliceosome were present in the common ancestor of eukaryotes.

The evolution of eukaryotes involves formation of the nucleus, acquisition of
organelles and eventually the origin of multi-cellularity. Each of these
processes is accompanied by emergence of new genes to accomplish new
functions, thus extensive genome rearrangements (e.g. gene duplication,
recombination, translocation etc.) must have occurred more than once. The
origin of spliceosomal introns was not certain unless the ‘“intron-first”
hypothesis (Poole et al. 1998) applies, however it was not random, for there are
only two types of spliceosomal introns: the major spliceosomal introns, which
usually start with “GT” and end with “AG”, and the U12 snRNP-dependent
minor spliceosomal introns, which are present in rare mRNAs and many start
with “AT” and end with “AC”. But some spliceosomal introns in basal
eukaryotic lineages do not always obey the consensus sequences. For example,
an extremely short spliceosomal intron in the mitochondrial ferredoxin gene in
Giardia intestinalis has non-canonical 5Splice site starting with “GC” (Nixon
et al. 2002); and an intron discoveredTinchomonas vaginalis is the same
type of the Giardia intron (Vanacova et al. 2005). Both organisms are
evolutionarily deep-branching eukaryotes, with highly reduced cellular
architecture, and exhibit archaea-like features. It is likely that the spliceosomal
intron arose very early during evolution before the emergence of cellular life,
but the rising of ShRNAs and spliceosome happened during a transition period
from eukaryotic ancestors to eukaryotes, when the cellular structures and
functions were not yet fully evolved, but extensive gene rearrangements

occurred and required many introns to be spliced. Therefore, study of the
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splicing mechanism in basal eukaryotes could gain much insight ame s
important changes that occurred during the evolution of eukaryotes.

1.3.2.2 RNA editing and small nucleolar RNAs (snoRNASs)

Both prokaryotic and eukaryotic rRNAs undergo extensive post-
transcriptional modification. Three types of base modification occur during
ribosome biogenesis, these include nucleotide base methylatied; 2’
methylation of the hydroxyl groups of ribose residues, and pseudouridylation.
Methylation of nucleotides is frequently seen in bacteria, b@-&iethylation

and pseudouridylation are more frequent in eukaryotes (Maden 1990).

In eukaryotes, 20-methylation and pseudouridylation are directed by two
groups of small nucleolar RNAs: C/D box snoRNAs and H/ACA box
snoRNAs respectively. In both cases, the snoRNA binds near the site of
modification through antisense binding and guides the protein enzyme to the
correct site. snoRNAs are widely distributed in eukaryotes, including animals,
plants, yeasts, metazoans and protists. Some are also found in archaea. The two
major classes of snoRNAs are characterized by consensus sequence motifs
(Balakin et al. 1996). In addition, there is a third category of snoRNAs, named
orphan snoRNAs, which do not have identified targesdle-2 summarises the
three types of snoRNAs. The common structures of C/D-box and H/ACA-box

snoRNAs are shown in Figure-10.

Table-2: Types of snoRNAs

Class Targets

C/D box | Methylation sites on rRNAs and snRNAs

SnoRNAs

H/ACA box | Pseudouridylation sites on rRNAs, some tRNAs and snRNAs, with
SnoRNAs possible sites on mMRNAs as well

Orphan snoRNAs< No identified targets
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Figure-10 : Common structures of snoRNAs in eukaryotes

(a) C/D-box snoRNA (b) H/ACA-box snoRNA
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All C/D box snoRNAs contain conserved motifs termed C-box and D-btxamtisense
elements of 10 to 20 nucleotides immediately upstream to the D-boxaftisence
elements are crucial for the specificity of SnoRNAs (Cawaitlal. 1996) some snoRNAs
also have additional less conservéeb@x and D-box. H/ACA snoRNAs have a common
secondary structure consisting of two parallel hairpins linked by a Hhiwge conserved
motifs box H (ANANNA) and box ACA are located at the hinge and 3healil
respectively (Ni et al. 1997). However, the antisense elemeriiexoH/ACA snoRNAs

are very short and bipatrtite.

Increasing number of novel snoRNAs are being identified in all kinds of
eukaryotic species (Bachellerie et al. 2002; Mattick and Makunin 2006).
Remarkably, a significant number of snoRNAs have also been found in archaea,
where sno-like RNAs are typically shorter than eukaryotic snoRNAs, but
contain well defined C, D, '‘Gind D motifs (Omer et al. 2002). A significant
amount of snoRNAs are found in the deep-branching prdistrdia
intestinalis (Yang et al. 2005; Luo et al. 2006; Chen et al. 2007), which does
not appear to have a nucleolus structure (Niu et al. 1994) but does have
nucleolus functions (Narcisi et al. 1998; Xin et al. 2005). The presence of
snoRNAs in deep-branching eukaryotes and archaea, and the antisense
mechanism of target RNA recognition are consistent with an ancient origin of
these RNAs and a role in rRNA biogenesis. The presence of a type of guide
RNAs in eukaryotes but not in prokaryotes could mean that the ancestral guide
RNAs were likely to have evolved before the divergence of eukaryotes and
prokaryotes but not inherited in the prokaryotic lineage.
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The genomic organization of snoRNA genes gives clue to the evolutionary
history of snoRNAs. Vertebrate snoRNAs are mostly encoded within intronic
sequences, and in most cases, they are processed as debranched lariats spliced
out from pre-mRNAs (Kiss 2006). In yeasts, most introns are either in mono-
forms, or arranged in polycistronic patterns, transcribed under the control of
shared control elements, and subsequently cleaved by both endo- and exo-
nucleases (Qu et al. 1999). A few yeast snoRNAs are encoded in introns, and
locations of these snoRNAs within the host introns are important for snoRNA
biogenesis (Vincenti et al. 2007). Polycistronic snoRNA genes are also
common in plants andrypanosoma (Leader et al. 1997). Archaeal sno-like
RNAs are encoded on both strands of the DNA and distributed around the
entire circular chromosome, and in most cases they are located within short

spacer regions between protein-coding ORFs (Dennis et al. 2001).

The coordinated transcription of snoRNA in eukaryotes represents the feature
of a regulation cascade: where the expression of snoRNAs can be finely
adjusted with the expression of genes required for ribosome biogenesis and
translation, hence the genomic location of sSnoRNAs in eukaryotes ensures that
maturation of snoRNAs, modification of rRNAs and translation are tightly

coupled.

Besides rRNA modification, snoRNAs also target modification to a wide
range of other cellular RNAs. According to one hypothesis (Gerbi 1995), the
snoRNAs were evolved as RNA chaperones to lock the structure of rRNAs to a
“dead end”, and nucleotide modifications were made to indicate the completion
of structural arrangement. Increasing numbers of snoRNA targeted RNAs have
been found, these include tRNAs, snRNAs and mRNA targets. In model
eukaryotic organisms, the major spliceosomal snRNAs are modified wh 2’
methylation and pseudouridylation guided by snoRNAs. These modifications
are often located in the region of intermolecular RNA-RNA interactions. For
example, a conserved pseudouridine in yeast U2 snRNA induces a change in
structure and stability of the branch-site sequence, thus facilitates in binding to

the intron during splicing (Newby and Greenbaum 2001). The chaperone-like
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feature of snoRNAs is also supported by the finding that box C/D shsRN

share a common core structure with the spliceosomal U4 snRNP (Watkins et al.
2000), which functions as a chaperone and deliver the catalytic ShRNPs to the
centre of the spliceosome (Staley and Guthrie 1998). A number of novel organ-

specific snoRNAs have been found in vertebrates (Cavaille et al. 2000).

The functional diversity of snoRNA beyond ribosomal RNA processing
suggests an adaptive evolution of these small RNAs, in which case the non-
ribosomal functions do not directly relate to the original functions of ancestors,
from which the identity of functional motifs are derived. It is unclear at this
stage whether the wide roles of snoRNAs are ancestral to eukaryotes, or
expanded within eukaryotes. Part of the work of this thesis is to help

understand the distribution of snoRNAs in eukaryotes.

During the evolution of eukaryotes, ncRNAs with modified functions may
have been recruited to the increasing number of RNA-processing pathways,
and thus the increasing genomic and cellular complexity brings about
divergence of ncRNAs and their specific functions.

1.3.2.3 Enrichment of ncRNA in eukaryotes and systematic gene
regulation

In addition to ribozymes, single-gene regulators and guide RNAs, some
eukaryotic-specific ncRNAs are involved in tightly coupled gene regulatory
pathways and chromatin modification. There ncRNAs have been discovered
relatively recently but they have wide range of functions. In addition, large-
scale cDNA cloning and genome tiling arrays have revealed that large
proportions of eukaryotic genomes are transcribed and the number of ncRNAs

has far exceeded previous thoughts. These are described below.

Eukaryotes use a variety of small ncRNAs to regulate gene expression. These
small RNAs are parts of large ribonucleoprotein complexes that function in
almost all aspects of gene control. In addition to the shRNAs and snoRNAs
discussed above, a large class of small RNAs with size ranging form 21 to 25
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nucleotides are found in most eukaryotes. These are microRNASNAs)R

and small-interfering RNAs (siRNAs). miRNAs are partially complementary to
MRNAs and function by antisense-binding to th&JER regions of mRNAs

and inhibit translation (Pasquinelli et al. 2005). siRNAs lead to degradation of
complementary mRNAs (Morris 2005). si- and mi- RNAs are classified by
their slightly different structures and precursors, but they function through a
similar general mechanism referred to collectively as: RNA intereference
(RNAI). The miRNAs in animals are usually transcribed as long and often
polycistronic precursors, and then processed into small hairpin intermediates,
which are cleaved by a conserved protein Dicer (Bernstein et al. 2001) into
mature miRNAs. miRNAs are double-stranded and functioning through
activating the RNA induced silencing complex (RISC), upon activation, the
dsRNAs are unwound and base-paired to complementary mRNA sequences,
followed by mRNA degradation (Hammond et al. 2001). In animals, many
mMiRNAs are encoded in gene clusters and homologous miRNAs have been
found in different vertebrates (Lagos-Quintana et al. 2003). A study on human
mirl7 clusters suggests a complex duplication and loss of miRNA genes from a
de novo precursor similar to the vertebrattox gene cluster, and they have
undergone positive selection as well as random drift (Tanzer and Stadler 2004).
Identification of precursor-like miRNA genes in early diverged eukaryotic
lineages will help to understand how the function of miRNA arose and

generalize.

In addition to well studied small ncRNAs, there are also thousainidsge
NcRNAs whose functions are not yet well understood. Studies from classical
eukaryotic models such as yeast and human have suggested that large ncRNAs
have important roles in controlling gene expression. Large ncRNAs are
generally transcribed as introns, antisense RNAs and also as separate RNAs.

It has been observed in different eukaryotes that antisense transcription is a
common phenomenof. cevevisiae transcriptome studies showed that 85% of
the genome could be expressed with many transcripts overlapping known

genes in the antisense direction (David et al. 2006). Genome-wide screening of
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Arabidopsis antisense transcripts revealed a large number of dsSRNAs paired by
cis- and trans- transcripts, which were likely to be involved with gene-
regulatory networks (Wang et al. 2006). Abundant stedletisense transcripts

are also seen in animals and protists (EImendorf et al. 2001; Gunasekera et al.
2004; Katayama et al. 2005). Studies of ncRNA expression profiles have also
shown pronounced developmental regulation of ncRNA in C. ele¢daset al.

2006) andDrosophila (Inagaki et al. 2005). Analysis @. elegan ncRNAs
showed that expression of many intronic RNAs was much higher than their
host mMRNAs, which indicated separate regulatory mechanisms for expression
of these RNAs (He et al. 2006).

In contrast to small ncRNAs, large ncRNAs show weak evolutionary
conservation. Several important large ncRNAs such as mammalian Xist, Tsix
(Bernstein and Allis 2005), androsophila rox RNAs (Oh et al. 2003) have
similar functions in epigenetic silencing and dosage compensation, but
homologous RNAs have not been found in other eukaryotes. However large
NcRNAs with different functions are widely seen, such as, the transcriptional
interference seen for the poly-adenylated ncRNA SRGL1 in regulation of yeast
SER3 gene (Martens et al. 2004), promoter inactivation of an ncRNA that binds
to the DNA sequence ®@HFR gene promoter, observed in human (Martianov
et al. 2007) and epigenetic regulation in mammals through maintenance of
chromosomal methylation patterns (Braidotti et al. 2004; Deng and Meller
2006).

1.4 The present and future of ncRNA evolution

The present knowledge of ncRNAs suggests a complex network of RNA-
processing pathways, where the transcription and translation of genes are
regulated by various ncRNAs, which themselves may also regulated by other
NcRNAs. The concept of RNA-processing cascade has been proposed

(Woodhams et al. 2007). Figure-11 shows several major eukaryotic RNA-

* Sterile transcripts: RNA transcripts that are unable to code for proteins and do not have
known functions either.
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processing pathways that are evolutionarily conserved. The integraventine

of NcRNA regulating gene expression at various levels indicates the importance
of ncRNA as a fundamental component of life. The functions of ncRNA have
expanded during the evolution of eukaryotes, but their basic features, such as
the strong structure-function relationship and metal-ion facilitated catalysis,
can still be traced back to their ancestors from the RNA World.

Figure-11: Conserved central RNA-processing cascade in eukaryotes

Pre-tRNA RNase P tRNA

3'-cleavage Oj§ g

SnoRNPs

Pre-rRNA RNase MRP rRNA @

Translation
snRNPs MRNA
Pre-mRNA -
splicing
= MIRNA/siRNA
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This figure shows the evolutionarily conserved central RNA-processisgade in al
eukaryotic models studied to date. Gene expression is the centralnisgetiizat drives

operation of the cell and ncRNAs are actively involved in coirigpleach step of gen

D

expression: tRNA and rRNA maturation, pre-mRNA splicing and post-transcriptiamal ge
silencing. The key ncRNA components within this central cascadeocaserved in al

eukaryotes.

NARNA evolution exhibits complex features of both hierarchical inheritance
and parallel expansion. Hence the outcome is seen as the wide distribution of
some ncRNAs across broad range of eukaryotic species, and narrow
distribution of others. Many newly discovered novel ncRNAs, mostly large
ones, have only been observed in higher eukaryotes. Their origin is uncertain
and they appear to evoldle novo. However, the dynamic pattern of ncRNA
expression, especially intronic and antisense expression, suggests that modern
NcRNAs have gone through multiple rounds of natural selection associated

with the evolution of new genes. Therefore, lack of functional homology
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among these RNAs does not necessarily indelyovo evolution, as there can
be many intermediate evolutionary stages before the current landscape of

ncRNAs are formed.

The evolution of eukaryotes has continuously used the resource of ancient
RNA motifs and reconstructed them into powerful regulatory tools. Studies of
NcRNA evolution will help to understand some fundamental principles of
molecular evolution behind the general evolution of cellular lives. With the
basic RNA-processing infrastructure being thoroughly studied, the future of
NcRNA study will provide more information of specific regulatory RNAs,
which are not constitutively transcribed in the cell. Expression of these
NcRNAs are widely associated with cell/tissue type, developmental stages and
also controlled by epigenetic factors and environmental conditions. Functions
of specific regulatory ncRNAs will provide new insights into the evolution of

eukaryotes.

Finally, a number of ncRNA databases which annotate homologous ncRNAs
from complete genomes are publicly available. The Rfam database (Griffiths-
Jones et al. 2003; Griffiths-Jones et al. 2005) is the major resource of ncCRNAs
found in both prokaryotes and eukaryotes, with coverage of putative ncCRNAs
from over 200 complete genomes. The RNAdb database (Pang et al. 2005) is a
mammalian ncRNA database, which contains almost 20,000 putative ncRNAs
and 800 unique experimentally studied ncRNAs. The fRNAdb database (Kin et
al. 2007) is a collection of annotated and un-annotated ncRNA sequences from
H-inv database (Imanishi et al. 2004), NONCODE (Liu et al. 2005) and
RNAdb, and provides an interface for sorting out functional ncRNA sequences.
With the large amount of sequence and structural information of ncRNAs
covered within these RNA databases and aided by advanced computational
tools, searching for new ncRNAs has become more efficient. It is expected that
large-scale computational prediction followed by experimental verification will
be the major way for discovering new ncRNAs from sequenced genomes. This
thesis contributes to our understanding of ncRNA evolution in eukaryotes by
commentating nNncRNAs in a deeply diverged protist, naméiardia
intestinalis.
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Chapter Two — Identification of novel non-proteirdotg
RNAs fromGiardia intestinalis

Abstract

This chapter describes my study of the non-protein-coding cDNA libra@yaoflia. The
library was constructed from RNA (sized 70 to 600nt) purified from tBtatdia RNA.
Sequencing and structural analysis have identified a number of typical eukaryotic small
ncRNAs (including 3 C/D-box snoRNAs, 1 H/ACA-box snoRNAs and an unusual
transcript of the RNase P RNA). However most of the ncRNAs identified from this library
do not exhibit any conservation with known ncRNAs from other model organisms studied
to date. Following computational predictions using a modified Snoscan programme we
have identified 60 putative candidates of C/D-box snoRNAs fronGtaedia genome. In
addition, unusual self-cleaving dsRNAs are also foundGiardia. Results from this
project suggest that the genetic information encoded in ncRNA&aoflia may differ
considerably from the standard context of ncRNAs in higher eukaryotes, though the key

characteristic NcRNAs of eukaryotes such as snoRNAs and RNase P are present.

The studies included in this chapter have been published as one paper
“Combined experimental and computational approach to identify non-protein-
coding RNAs in the deep-branching eukaryo@ardia intestinalis’.
Identification of novel ncRNAs fronGiardia is based on a size-fractionated
cDNA library. In the first stage (as detailed in this paper, 616 clones were
sequenced and analysed. The feature&iafdia sSnoRNAs are studied here
and the expression of some ncRNASIardia are discussed. After submitting
the paper, another 576 clones were sequenced and analysed. Limited by the
length of the paper, additional information including the molecular biology of
Giardia and techniques used in identification and analysis of hcRNAs are
given in Chapter-3, which presents the updated resultSiaflia ncRNAs
identified from the cDNA library (with a total of 1192 clones) and gives
detailed discussion of the structures and expression of various types of

NcRNAs from Giardia. The supplementary data are in Appendix-1.

With respect to my contribution, th@iardia was grown at Massey and |

extracted and fractionated the RNA. It was then taken to Munster, where |
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made, with assistance of locals, the cDNA library. This wasgdhtoback to
Massey, and the sequencing and computational analysis done here.
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ABSTRACT

Non-protein-coding RNAs represent a large pro-
portion of transcribed sequences in eukaryotes.
These RNAs often function in large RNA-protein
complexes, which are catalysts in wvarious RNA-
processing pathways. As RNA processing has
become an increasingly important area of research,
numerous non-messenger RNAs have been uncov-
ered in all the model eukaryotic organisms.
However, knowledge on RNA processing in deep-
branching eukaryotes is still limited. This study
focuses on the identification of non-protein-coding
RNAs from the diplomonad parasite Giardia intesti-
nalis, showing that a combined experimental and
computational search strategy is a fast method of
screening reduced or compact genomes. The
analysis of our Giardia cDNA library has uncovered
31 novel candidates, including C/D-box and
H/ACA box snoRNAs, as well as an unusual
transcript of RNase P, and double-stranded RNAs.
Subsequent computational analysis has revealed
additional putative C/D-box snoRNAs. Our results
will lead towards a future understanding of RNA
metabolism in the deep-branching eukaryote
Giardia, as more ncRNAs are characterized.

INTRODUCTION

In the recent past, experimental and computational
approaches have identified a vast variety of non-protein-
coding RNAs (1), generally abbreviated as non-coding
RNAs (ncRNAs), from both unicellular and multicellular
eukaryotes. Many ncRNAs in modern eukaryotes func-
tion in RNA-protein complexes within which the RNAs
may have direct regulatory roles at the reaction centres
(1). The size of many ncRNAs is small compared with

protein-coding RNAs, and lack of sequence homology
often results in difficulties of identifying ncRNAs in
distant eukaryotes through purely biological or computa-
tional approaches. In this study, our combined experi-
mental and computational approach has been successful
in finding novel ncRNAs in the distant eukaryote
Giardia intestinalis.

Eukaryotic genomes are rich in non-protein-coding
sequences. Large-scale cDNA cloning studies have shown
that a large proportion of mammalian RNA transcripts
do not appear to encode proteins (2), and an increasing
number of ncRNAs have been shown to be functional (1).
The origin of ncRNA is likely to date back to the
earliest events when life emerged on earth. The theory of
the ‘RNA-World" (3,4) suggests that self-replicating
RMNAs are older than protein or DNA. The wversatile
features of RNA molecules support this hypothesis: first,
RNA stores information in the same way as DNA;
second, single-stranded RNA molecules are highly flexible
to form secondary or tertiary structures, like peptides,
they can form enclosed reactive centres and catalyze
biological reactions in liquid environment. However,
modem natural ribozymes have limited catalytic abilities,
as natural ribozymes only perform ligation and/or nucleic
acid cleavage reactions. These reactions are normally not
limited by the rate of the catalytic reaction (5). Therefore,
it is assumed that most ancient ribozymes have gradually
been replaced by protein enzymes (5).

On the other hand, the evolution of ncRNAs has been
continuous, and functions of ncRNAs have been diversi-
fying throughout the evolution of eukaryotes. Based on
structural and functional definition, eukaryotes have
several distinct classes of ncRNAs, which form complex
RINA-processing networks. Table 1 shows that each type
of RNA often participates in the modification of another
type of RNA, and the whole network fits into the general
RNA-processing cascade (6). It 1s necessary to provide
some brief background on the types of ncRNAs here,
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Table 1. A brief summary of ncRNAs in the RNA processing network of eukaryotes

Role Type of ncRNA Function

Transcriptional initiation 78K snRNA (in mammals) Inhibits transcription by binding to CDK /eyclin kinase complex

Intron splicing U snRNAs Function in the catalytic cores of major and minor spliceosomes involving
in excision of introns

mRNA degradation Micro RNAs Guide the RNAI machinery to homologous mRNAs and trigger mRNA
degradation

tRNA processing RNase P Involves in ¥ end nuclease activity in pre-tRNA processing

rRNA processing MRP RNA Involves in the endonuclease activity in pre-rRNA processing

C/D box snoRNAs
H/ACA box snoRNAs

2'-0-methylation guide
Pseudouridylation guide

because in this study, we have characterized a number of
different types of ncRNAs from Giardia.

Probably the best studied ncRNAs are uridine-rich
spliceosomal snRNAs (U-snRNAs). They function in the
catalytic centre of major and minor spliceosomes. The
major spliccosome that splices the majority of eukaryotic
introns, consists of 5 U-snRNAs (Ul, U2, U4, U5 and
U6) and over 200 proteins (7). The minor spliceosome
is low-abundant machinery containing Ull and UI2
snRNAs instead of Ul and U2, and splices a ‘minor’ (less
frequent) class of introns (8). Both major and minor
spliceosomes may be ancestral to eukaryotes because they
have now been identified in animals, plants, fungi and
recently some distantly related protists (9,10).

The small nucleolar RNAs (snoRNAs) are involved
in tRNA biogenesis. An increasing number of novel
snoRNAs have been widely identified and have been
reviewed in detail (11-15). Based on their structural
motifs, snoRNAs are divided into two classes: C/D-box
2-0-methylation snoRNAs and H/ACA-box pseudour-
idylation snoRNAs. The snoRNAs bind near the sites of
modification through antisense recognition, and guide
protein enzymes to the sites of editing. In addition, the
functions of snoRNAs can be extended to acting as
general chaperones targeting other nuclear or cellular
RIMNAs (16-18).

There are a number of larger ncRNAs (=300nt) such as
the RNase Pand RNase MRP RN As. To date, besides the
ribosome, RNase P is the only ribozyme required in both
eukaryotes and prokaryotes (19). Eukaryotes have
another related ribonuclease, RNase MRP, which pro-
cesses a specific site in the pre-rRNA which is not found in
prokarvotes, however, it seems likely that it is present in
all eukaryotic lineages (6). Structural analysis of RNase P
RMNAs from phylogenetically diverse eukaryotes reveal
a very similar minimum core (20). The overall structure of
the RNA subumt in RNase MRP is similar to that of
RMNase P (21), and also the MRP enzyme shares a number
of proteins with RNase P (22).

The smallest ncRNAs are micro RNAs (miRNAs) with
length ranging from 21-25nt and function in a variety of
gene silencing pathways (23). About 800 miRNAs from
different animals and plants have been reported (24).
miRNAs from animals are usually transcribed as long and
often polycistronic precursors, and then processed into
small hairpin intermediates, which are then cleaved by

a conserved protein Dicer (25) into mature miRNAs.
The Dicer protein has been well studied for Giardia (26).

Recently, new experimental and bioinformatic
approaches have identified a great number of novel
ncRNA  candidates from many organisms including:
bacteria (27), amimals (28-31) plants (32) and protists
(33). The most widely used experimental method for
identifying novel RNA candidates is based on size-selected
cDNA libraries. Since most mRNAs have lengths greater
than 500nt, it is possible to isolate the majority of
ncRMNAs by size fractionation on a denaturing PAGE gel.
Several methods are available to generate cDNAs from
purified RNAs including the addition of poly(C)/poly(A)
tail, and adaptor ligation at 5-end and/or 3"-end, followed
by reverse transcription, cloning and cycle sequencing (34).
Here, we have constructed a cDNA library for ncRNAs
from the deep-branchingeukarvote G. intestinalis. Giardia,
a parasitic diplomonad, is phylogenetically distant to all
model eukaryotes (35,36). This unicellular organism has
reduced mitochondria (mitosomes) and lacks hydrogeno-
somes (37). Two spliceosomal introns have been found
(38,39), as well as several spliceosomal proteins (9) which
strongly suggests that Giardia has a functional spliceo-
some. To date, several studies have identified 24 sno-like
RNAs and the RNaseP of Giardia (40-42). However,
there is little systematic research reported for the
RNomics of Giardia.

We have screened our Giardia cDNA library, resulting
in 31 novel candidates, within which, three are possibly
C/D-box snoRNAs, one is possibly an H/ACA box
snoRINA, and one is a fragment of the RNase P RNA.
A computational study using known Giardia’s C/D
box snoRINAs has resulted in new putative snoRNAs.
In addition, an extended transcript has been found for the
RNase P RNA, and two unusual self-cleaving dsRNA
candidates have been studied. Given its proposed basal
position on the eukaryotic tree (36), Gigrdia is evolution-
arily distant to all the eukaryotic species, and probably
highly reduced. It is not surprising to see that there may be
some different RNA  processing components in this
organism. Future comparison of RNA-processing
between Giardia and other eukaryotes is very necessary
in understanding the evolution of RNA metabolism in
reduced organisms (43). RNA processing in Giardia 1s
expected to have changed in both the RNA and protein
components as a result of genome reduction (43) due to
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the parasitic nature of this organism. Our study moves
towards understanding differences in Giardia RNA-
processing machinery from that other eukaryotes which
to date is largely confined to model, well-studied
eukaryotes.

MATERIALS AND METHODS

Preparation of total RNA from G. intestinalis WB strain
Trophozoites

Cells were collected from TY1-S-33 growth media at
a concentration of 1.4x 107 cells/ml by centrifugation
(10 min, 2500 r.p.m., 4°C). Total RNA was prepared using
Trizol reagent (Invitrogen) according to the protocol
provided by the manufacturer.

cDNA library construction

Total RNA (10 pg) was run on an 8% denaturing PAGE
gel (TM urea, 1x TBE buffer). RNA in the range of
T0-600nt was excised and eluted in 0.3M NaOAc
overnight at 4°C. Subsequently, 10 pg RNA was treated
with tobacco acid pyrophosphatase (Epicenter) for 1h at
37°C, then C-tailed by poly-A polymerase (Invitrogen) for
2hat 37°C.

A 5" DNA Sal-1 adaptor (5-CAACGCGTCGACTAC
GTGAGATTTGAGGTTC-3) was then ligated to the
RINA using T4 RNA ligase at 4°C overnight. First-strand
cDNA synthesis was performed using the Thermoscript
¢DNA  synthesis kit (Invitrogen) with Not-1 primer
(Y-GACTAGTTCTAGATCGCGAGCGGCCGCCCG
GGGGGGEGGGEEAEGEGE-3).

The RNA-cDNA mix was treated with RNase A and
PCR amplified using Sal-1 and Not-1 primers using a
Biometra thermocycler. The PCR product was then
double digested by Sal-1 and Not-1 restriction enzymes
and ligated into the pSPORTI1 wvector (Invitrogen),
followed by transformation into Eschericia coli ToplQ
cells (Invitrogen).

Sequencing
E. coli cells were grown on LB agar plates (100 pg/ml
Ampicilin) at 37°C overnight. Colonies were PCR
amplified using the M13for and M 13rev primers (Roche
Tag polymerase):
M13for: 5-CGCCAGGGTTTTCCCAGTCACGAC-3
M13rev: §~-AGCGGATAACAATTTCACACAGG -3
PCR products were cleaned by SAP/EXO-1 (GE
Healthcare) treatment and cycle sequenced using BigDye
Terminator version 3.1 and M 13rev primer. The sequenc-
ing products were cleaned using CleanSeq (Agencourt)
magnetic beads, and capillary sequenced on a capillary
ABI3730 Genetic Analyzer (Applied Biosystems Inc.).

Computational analysis

The sequences were assembled using DNAMAN 5.2 and
DNASTAR 5.0 packages, and were then blasted against
the Giardia genomic database (http://www.mbledu/
Giardia) as well as the NCBI databases (http://

www.nchinlm.nih.gov). Putative snoRNA prediction
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used the modified Snoscan program (Snoscan-G) in C
for Windows (the onginal source code is available at
http: //lowelab.ucsc.edu/snoscan/). However, the C-box
scoring function was modified so that it read user-specified
input of the C-box scoring matrix.

RNA structures were generated using the RNAfold
program from the Vienna-RNA-1.4 Package (http://
www. tbi.univie.ac.at/~ivo/RNA 'windoze/), structural
alignment was done using RSmatchl.0 converted for
Windows (original program is available at http://exon.
umdnj.edu/software/RSmatch/) and FoldalignM (http://
foldalign.ku.dk /software/index. html).rRNA sequence
alignments for preliminary methylation site analysis were
generated using ClustalW (44).

RT-PCR and PCR. RT-PCR reactions used Invitrogen
Thermoscript first strand c¢cDNA  synthesis kit and
subsequent PCR reactions used Roche Tag polymerase.
Primers:

UsFor: 5'- CATTCATCTCTGCGGTGGATG -3

USRev:¥-ACCCCAAAAAATGCAACTGTCTGCC-3"

UbFor: 5- CAAATTGAAACGATACAGAG -3

U6Rev: - TCATCCTTGTGCAGGGGCCA -3/

testP/GIsR15_For: 5- GGGGAAGGTCTGAGGTC
ATT -3

testP/GIsRI5_Rev: 5~ AGCTCATAGTCGTGCTTG
cTC -3

In vitro  wranscription and  RNA  self-cleavage
assays. In virrp  transcription  reactions used the
Invitrogen T7 RNA polymerase kit to add T7 promoter
sequences to the 5 and 3" ends of the PCR products. The
RNA products from in vitro transcription were heated to
80°C for 5min and gradually cooled down to anneal. The
dsRMNAs were then purified using Roche PCR product
purification kit. All the self-cleavage reactions were carried
at 37°C for 2h.

Primers used for generating templates for in vitro
transcription:

Geniel_T7_For: 5- TAATACGACTCACTATAGGG
AGACGACCCTCTTCTCCAGCA -3’

Geniel_T7_Rev: 5- TAATACGACTCACTATAGGG
AGAGGAGCGCAAAGAGGATGA -3/

Girepl _T7_For: ¥- TAATACGACTCACTATAGGG
AGATGCAGCCCTTCTTGTCC -3/

Girepl _T7_Rev: 5- TAATACGACTCACTATAGGG
AGAGATACCCGGCTGTGC -3

RESULTS
Assembly of cDNA sequences from the RNA library

Assembly of the ¢cDNA sequences resulted in 31 novel
ncRMNAs, 15 previously known snoRNAs (40-42) and 10
out of 48 characterized tRNAs (http://www.mbledu/
Giardia). Candidates were obtained in the following
manner. A total of 616 initial sequences were assembled
into 166 contigs and each contig was blasted against the
Giardia genome database and NCBI databases to screen
for easily characterized RNAs. After discarding empty
vector contaminants, sequences below the length of 20 nt
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and E. coli contaminant sequences, the remaining
152 contigs (including repeats or duplicates) contained
3I3mRNA fragments, 28 known tRNA sequences, 10 5.88
rRMNA sequences, 7 LSU rRNA and SSU rRNA frag-
ments, 29 known ncRNAs sequences and 45 unknown
sequences. All the unknown sequences were further
analysed so that any broken fragments of a single RNA
could be reassembled into a complete sequence, leaving
31 novel RNA candidates. Details of candidate sequences
and features are listed in Supplementary Data. In order
to carry out further computational analysis, 5-and
F-extensions (200 nt from each end) were extracted from
the genome database for each candidate.

New C/D box snoRN A candidates and putative snoRNAs
from computational studies

Eukarvotic 2'-O-methylation C/D box snoRNAs are
characterized by two short sequence motifs near their
5-and 3-termini: C-box ("3~ AUGAUGA-3") and D-box
(*5-CUGA-3"), which are brought together by a short
(4-8) terminal stem (45). There are one or two 10-20nt
antisense guide elements immediately upstream of the
D-box or D’-box, and these elements bind to complemen-
tary sequences on rRNAs spanning the methylation sites
(46). The position of the nucleotide which 1s methylated
is usually the fifth position upstream of the D-box or
D’-box (47).

Since the Giardia genome is fully sequenced (NCBI
accession number: AACBO0000000), it is possible to check
our experimentally found RNAs for snoRNA features
using potential interactions to rRNA sequences. Once we
identify the conserved features of a Giardia snoRNA, we
can identify more snoRNAs using a computational search.
However, to date there are no full-length rfRNA large
subunit and small subunit rRNA sequences available for
Giardia. Raw sequence reads from the GiardiaDB (http://
www.mbl.edu/Giardia) were pulled out individually and
assembled using SeqMan. Three contigs were generated,
and correspond to the large subunit (LSU), small subunit
(SS5U) and 5.88 rRNAs, with lengths of 2908, 1449 and
138 nt respectively, and they arrange in the typical
eukaryvotic rRNA-gene order of SSU-5.85-LSU, which
reveals a site of cleavage by RNase MRP (6). The
sequences are listed in Supplementary Data. Shortened
lengths of the Giardia rRNAs are consistent with an earlier
study (48) that Giardia’s rRNAs are much shorter than
usual eukaryotic rRNAs, and unlike other eukarvotes,
Giardia does not appear to have the 55 rRNA (48), which
was also not found during our searches. The snoRNA
search was done using modified source code of the
Snoscan program, which was originally used to identify
a large number of C/D-box snoRNAs from
Saccharomyces cerevisiae (49).

We have predicted 3 C/D box snoRNA candidates
from the 31 nowvel candidate sequences. Of the 15
known snoRNAs (40-42) that were found in our cDNA
library, 14 are C/D box snoRNAs and 1 is an
H/ACA box snoRNA. Comparing all the available
C/D box, snoRNA sequences revealed that snoRNAs
from Giardia share common sequence features within the
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Figure 1. (a) Conserved structure of C/D} box methylation snoRNAs in
Giardia. (b) Structural prediction of the new H/ACA-box snoRNA
candidate.

C boxes and D boxes. All but one of the confirmed
C/D box snoRNAs has a perfect ‘CUGA’ D-box near the
end of the 3-end, and most Giardia C-boxes have a
conserved sequence ‘S-AUGAU-3" allowing one mis-
match at either 5-or 3-end. The C-box sequences also
appear more variable as their lengths range between 5 and
7nt. The C-box scoring function of Snoscan was adjusted
to use the Giardia consensus sequence. The C-box is
generally missing or poorly identifiable, and the existence
of D’-box is not essential. The length between the C- and
D-boxes is wvaryving from 28 to 124nt. In addition,
few of the known Giardia C/D box snoRNAs have a
terminal stem.

The general structure of Giardia C/D box snoRNAs
during rRNA modification is shown in Figure la.
Structural alignment was done on all the experimentally
found Giardia C/D box snoRNAs using RNA structures
generated from Vienna-RNAfold program, but the result
did not indicate any additional consensus motifs.
Therefore, no further structural features were incorpo-
rated into modifving the Snoscan program. Our modified
Snoscan program, Snoscan-G, identified 13 out of 18
confirmed C/D-box snoRNAs with the following param-
eters: cutoff total score (10), C-box score (2.0) and the
maximum distant between C and D boxes (150 bp). The
others were not recovered due to poorly defined C-boxes
or imperfect D-boxes. This testing indicated that it was
possible to identify additional C/D-box snoRNAs from
the Giardia genome with this computational method.
Table 2 shows the range of scores obtained from
experimentally identified snoRNAs. These are considered
as standard scores for Giardia, thus used to compare with
the scores generated for computationally predicted
snoRNAs further on. We refer to these computationally
predicted snoRMNAs as ‘putative’ snoRINAs in order to
distinguish them from the ‘candidate’ snoRNAs found
experimentally.

Due to the short (5nt) and less conserved Giardia
C-box, large volume of output was expected. A whole
genome search for C/D box snoRNAs using the same
parameter settings vielded many (6280) non-repetitive
putative candidates, which were subsequently analysed
through a  strict  three-step post-scan  filtering.
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Table 2. Snoscan scores obtained for experimentally identified Giardia

C/D box snoRNAs

Feature Consensus Best score  Average  Worst
score score
C box AUGAUGA) 8.76 79 3.55
D box CUGA 8.05 19 377
D' box CUGA 7.34 48 0.59
rfRNA 9-25nt with 3393 279 15.92
complement 1 or 2 mismatches
Total score 21.05 124 10

Three features of the putative snoRNAs were looked for
during the post-scan filtering:

(1) The sequences should locate in the non-coding
regions.

The sequences should locate close to reading frames
since Giardia appears not to have separate tran-
scription start sites for snoRNAs.

The C-boxes of putative snoRNAs are more
similar to the experimentally confirmed snoRNAs
in Giardia (41).

All the output sequences from Snoscan-G were
compared against the database of Giardia open-readin
frames (ORFs) downloaded from GiardiaDB (http://
www.mbledu/Giardia) to exclude possible mRNA
sequences. These ORF datasets have been expertly
compiled using software such as GLIMMER and
CRITICA with parameters adjusted for this unigue
eukarvote. Our search of this database implicitly filtered
out putative candidates with obvious coding potential.
The status of the Giardia genome is such that a large
number of ORFs remain hypothetical. Any explicit
assessment for coding potential could be on only a
subset of highly conserved proteins and would not be
representative of the entire Giardia proteome. Hence, the
use of this database maximizes our exclusion of con-
taminant mRNAs.

Unlike other eukaryotes, Giardia has only two con-
firmed introns (38,39), and most ncRNAs characterized to
date are located between protein-coding genes, with a
small number (less than 10) of them located on the minus
strand of protein-coding genes. To exclude any ambi-
guities, only sequences located between protein-coding
genes were considered. Sequence searches showed that
most of the Snoscan-G outputs (5857) had full-length
100% match to ORFs, leaving 423 potential putative
snoRNAs. After excluding shorter partial sequences and
repetitive sequences with different names, 357 sequences
remained. To date, all 13 experimentally confirmed C/D-
box snoRNAs that had been detected in the small-scale
Snoscan-G  testing were also found in this large-scale
genome search.

It was noticeable that all the experimentally character-
ized snoRNAs were located in ORF-rich regions of the
genome, which could due to the fact that these snoRNAs
do not seem to possess their own promoters. Therefore,
further screening was done based on genomic location.

(ii)
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Only putative sequences that are located near ORFs were
selected with those appearing in heterochromatic regions
excluded because they are less likely to be transcribed.
This screening left 101 putative snoRNA sequences. Strict
post-scan filtering based on C-box and D-box sequences
was then done so that only sequences with ‘AUGAU’
or ‘GUGALU in C-box and ‘CUGA’ in D-box were
considered as highly likely putative snoRNAs. In the end
there were 60 strong putative snoRNAs. All sequences had
distinet C-box and D-box motifs and fulfill the criteria for
Giardia snoRNAs (41,45). In addition, they had average
Snoscan-G total score of 12.5, which was slightly above
the average total score of experimentally identified
snoRNAs. The details of candidates are shown in the
Supplementary Data.

As a control, we generated a random database with its
size equivalent to Giardia genome using a third-order
Markov chain based on 4-mer frequencies (49) within
the Giardia genome. A search of this random sequence
database yielded 6721 false positives with an average score
of 11.8 and a best score of 25.26. As downstream filtering
based on genomic location was impossible to carry out on
randomized data, only the last step of the three-stage
filtering could be performed on this output. Therefore, a
parallel comparison between the Giardia Snoscan-G
outputs and the randomized data outputs was not entirely
applicable since the first two steps of the post-scan filtering
were the most important and based on Giardia genomic
information. However, a strict scan was still performed on
this output with more stringent parameter settings based
on C-box and D-box motifs, as was done in the final stage
of post-scan filtering described above, reduced the
positives down to 89 non-overlapping ones. Although
these outputs contain C-box and D-box motls, they do
not represent comprehensive data for comparisons. In all,
the purpose of generating a randomized dataset was to
show that post-scan using genomic information was
necessary to improve the selection of putative snoRNAs
m a distant organism such as Giardia.

To test if the large number of initial output from the
random database was due to special features within the
Giardia genome, another Snoscan-G was run on a partial
veast genome (with a size similar to Giardia genome) using
the same parameter settings. There were 1756 non-
repetitive outputs. This test showed that the Giardia
genome has less regional variation in its sequence, and
this may result in the observation of more false positives.
This testing showed that it was necessary to carry out
stringent downstream  filtering as was done in our
Snoscan-G of the Giardia genome to obtain acceptable
putative snoRNAs.

As an  additional  analysis, human  and  veast
C/D box snoRNAs have been mapped onto Giardia
rRNAs (alignments included in Supplementary Data).
Since human and yeast are extremely evolutionarily
distant from Giardia, most known methylation sites do
not have homologues in Giardia, apart from two. ncRNA
candidate-1 from our cDNA library is predicted to guide
methylation of Gy, on SSU-rRNA, which corresponds
to the site of modification by human U235 snoRNA.
Snoscan-G predicted putative snoRNA U0025 is likely to
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guide methylation of Cjg on LSU-rRNA, which
corresponds to the site of modification by an undetected
human snoRNA. However, as these alignments are
between such diverse organisms, no extensive conclusions
can be drawn at this time.

In all, our Snoscan-G in combination of the post-scan
filtering has identified 60 C/D-box snoRNA putative
snoRMNAs based on information from previously experi-
mentally characterized snoRNAs. This approach was
tested against two negative controls and showed that the
use of Giardia-specific information made it possible to
screen for functional ncRNAs in this reduced genome.

A new H/ACA boxsnoRNA candidate

The pseudouridinylation guide H/ACA box snoRNAs
have a common secondary structure consisting of two
parallel hairpins linked by a hinge. Two conserved
motifs box H (ANANNA) and box ACA are located
at the hinge and the 3’ tail, respectively, together with
the flanking helix, they play important roles
in box H/ACA snoRNA accumulation (50). However,
compared to the single continuous antisense elements
im box C/D snoRMNAs, the antisense elements of
H/ACA box snoRNAs are very short and bipartite (51).
Almost all the H/ACA box snoRNA adopt the two
hairpin model, except one small H/ACA box snoRNA
containing only one hairpin described in Trypanosoma
(52). Based on hallmark sequences and structural features,
one of the identified potential novel ncRINA (candidate 16,
Supplementary Data), is likely to represent a novel
H/ACA box snoRNA. It features a single, long stem
positioned upstream from the ACA box motif as shown in
Figure 1b. As such, it is strongly reminiscent of archaeal
and Tryvpanosomal H/ACA box snoRNAs, that also
feature a single hairpin (52-54). In agreement with the
rules applying to eukaryotic H/ACA snoRNAs, the
targeted uridine is separated from the H/ACA box by
9-16nt. Therefore, according to structural modelling, we
predict that candidate_16 may guide a pseudouridylation
in LSU rRNA.

RNase P

The ribozyme RNase P cleaves the S-end of pre-tRNAs.
The Giardia RNase P RNA was recently identified by
sequence similarity search and the RNase P holoenzyme
was purified (20), and showed that Giardia RNase P RNA
has the conserved eukaryotic RNase P core structure, and
shared extensive similarity with the RNase P RNA of the
microsporidian Encephalitozoon cuniculi. Both RNAs lack
the conserved P3 helix bulge loop, which has been found
in all the other eukaryotes studied so far. The RNase P
RNA has been found in our library (candidate 9), but
surprisingly, the sequence was not terminated at the
previously predicted 3’ end, and extended further into the
GlsR15 snoRNA (41). These two known RNAs have a
24 nt overlap, which is shown in Figure 2. It is likely that
candidate 9 is part of a full-length RNA transcript.
To verify this idea, RT-PCR was done using an upstream
primer (testP/GlsR15_For) that binds within the RNase
P sequence (position 34-53 on the possible full length

Chapter-2

FRNase P:
o I S R 24t -

GlsR15 snoRNA:
52 2dnt WEEEERE—

Candidate 9:

5 121nt 3
Possible full length transcript containing RNase P:
5 309nt 3

Figure 2. Comparison of RNase P, GlsR15 snoRNA and the new
ncRNA candidate 9.

transcript) and a downstream primer (testP/GIsR15_Rev)
which binds within the GIsRI5 snoRNA sequence
(position 269-289 on the possible full length transcript).

RT-PCR results (data not shown) indicate that the
RNase P and GIsR15 are indeed transcribed as a single
transcript. This rises to a question that whether this
transcript is a single functional RNA molecule, or a
precursor to give two different RNAs. Structural studies
(20) indicate that the shorter transcript could fold with
conserved eukaryotic RNase P motifs. Therefore, the
second assumption is preferred. It is possible that an as vet
unknown ribonuclease is involved in producing two
different RNAs from one precursor. However, this leads
to a result that only one of the two RNAs can be
generated as a full-length molecule and the other one will
be non-functional.

Transcribed intergenic repeats

A fragment of the variant surface protein (VSP) mRNA
was found in the cDNA library. It has been suggested (55)
that antisense regulation controls the expression of VSP
genes, and the function of RNA-dependent RNA poly-
merase (RARp) is involved to restrict the VSP gene
repertoire to a single gene at any one time. Careful
sequence mining within the Giardia genome observed that
there were many tandem repeats sharing short sequence
fragments, and these fragments are often complementary
to repeated sequences in VSP genes and cysteine-rich
protein genes. Blasting a VSP-fragment sequence found in
our ¢cDNA library against the Giardia genome yielded a
potentially functional antisense element. This sequence is
a long tandem repeat consisting of nine umnits, each
containing one fragment complementary to the VSP
ORF (Figure 3). RT-PCR was carried out targeting
both the “+' and ‘' strand of this sequence, and the
results showed that both strands were transcribed, to give
a double-stranded RNA product.

Unlike other tandem repeats of retrotransposons such
as LINEs or SINEs, this tandem repeat shows no feature
of any known retrotransposon. In comparison, there have
been a few studies on unusual repeated sequences in
Giardia: one study (56) showed a non-LTR element with
site-specific tandem insertions in a chromosomal DNA
repeat, and suggested that this element was unlikely to
have evolved site specificity unless it did have a function.
Another more recent study showed this element was
transcribed mmto a dsRNA (57). In addition, there are
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Transcribed long tandem repeat
(Giardia genome Contig 7701)

210054 20042
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ORF: 137717 (Contig T645: 9401 2-95959) Variant-
specific Surface Protein (VSP) As7

Figure 3. Tandem repeats of the Girep-1 RNA. Each fragment
coloured in grey represents a repeating unit (222nt in length, with
the first unit lacking the 5 63 nt and the last unit extending 54nt at
¥ end) on Girep-] RNA. Each 32nt fragment coloured in black
represents the repeating Girep-1 sequence that is complementary to the
various-surface-protein (VSP) gene.

22 antisense transcripts identified in the Giardia genome
(www.mbledu/Giardia); however, there are no known
functions of these transcripts.

Our study has revealed a surprising feature shared by
two tandem repeats in Giardiac one repeat 1s the
experimentally verified dsRNA with fragments comple-
mentary to the VSP (Rep-1); and the other is the non-LTR
element Genie-1 (56). A partial sequence from each
element was amplified by PCR with T7-promoter attached
primers. The PCR products were transcribed by T7 RNA
polymerase to produce dsRNAs. As a control, a single
stranded Rep-1 RNA was also produced by elimination of
T7 promoter sequence from the reverse primers. Both
dsRNAs underwent one self-cleavage at roughly the
middle of the sequence (under a basic assay condition
with Mg?" added to water or buffer) (Figure 4a). The
single stranded Rep-1 control did not cleave (Figure 4b).
Timing Mg " titration (Figure 4¢) assay and divalent ion
assays (Figure 4d) were performed with the Genie-1
dsRNA. Results showed that the self-cleavage did not
happen when Mg®* concentration was below | mM; and
self-cleavage only happened at the present of Mg*" or
Co®™, while Mn*" and Ca®" did not have any effect.
In addition, addition of EDTA prevented Mg® ™ induced
cleavage. Further investigation will be necessary to
analyse this unusual phenomenon.

DISCUSSION
Combined experimental and computational approach

The aim of this study was to explore the wvariety of
ncRNAs in Gigrdia and obtain a view of ncRNA
expression in this genomically reduced deep-branching
eukaryote. The scale of this ¢cDNA library is small
compared with equivalent studies of ncRINAs in other
organisms (28-32). However, studying on a relatively
small scale can help getting a comprehensive view of the
special features and conserved patterns within  this
organism, before any large scale studies are attempted.
There were previously no systemic studies on the ncRNA
composition of Giardia. As an extant group of eukaryotes,
Diplomonads share very low sequence homology with
other eukaryotes, which makes characterization of RNAs
extremely difficult. From the 31 novel ncRNA candidates,
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only 3 can be identified by homology searching as
C/D box snoRNAs, the rest have little similarities to
known types of ncRNAs.

However,  comparing the 18  characterized
C/D box snoRMNAs from Giardia has shown that these
snoRNAs still share the basic conserved features seen with
snoRMNAs from other eukaryotes. This makes a computa-
tional screen possible. Within the computationally
identified putative snoRNAs, we recovered 13 out of our
control set of the 18 experimentally characterized
snoRNAs. Snoscan-G used looser parameters than the
original Snoscan program in order that the experimentally
identified snoRNAs (13 in this study) were included in the
results. This ensured the sensitivity of the algorithm which
was then used for a whole-genome search. However, the
large number of false positive hits obtained from the
negative control search on a random database, indicated
the requirement for other post-scan filtering of putative
snoRINA sequences using data unable to be included in the
Snoscan-G software. Also, a fairly large result obtained
from scan of the yeast genome confirms that the param-
eter settings for Snoscan-G are less stringent than the
original Snoscan program. Comparing putative snoRNA
sequences against the ORF database excluded most of the
first-round positive hits, and information from genomic
locations of the sequences extended the reliability of the
putative snoRNAs.

Possibly due toits reduced genome, Giardia’s sno RNAs
are less conserved than those of other eukarvotic
organisms; therefore it was necessary to apply less
stringent searching criteria. This is because there are as
vet no additional Giardia-specific sequence features, which
can be incorporated into the algorithm. This explains the
increase in false positives when large databases uare
screened. However, combining several filtering steps
dramatically reduced the number of positive hits, and at
the same time did not result in the loss of any true
positives. The remaining putative snoRNAs showed
greater  similarities to the experimentally identified
snoRNAs than the first-round Snoscan-G results before
post-scan  filtering. Therefore, our computational
approach is reliable when used in parallel with an
experimental approach speeding up the discovery of
novel putative ncRNAs.

Encoding patterns of neRNAs in Giardia

Blasting the novel RNA candidates against the Giardia
genome revealed three types of encoding pattems.

(1) Most ncRNAs in Giardia are encoded as single
copies between protein-coding genes. According to
current knowledge of Giardia, almost all the
protein-coding genes are intronless (38,39) and it
becomes natural that ncRNAs find their places in
intergenic regions. The genome of Giardia 1s
compact; and the genes generally have very short
gaps (often <200 nt) between one another. Almost
all the ncRMNAs observed so far are located in ORF-
rich regions, but do not appear to possess their own
promoters, although this may be due to the fact that
Giardia does not appear to have well characterized
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(b)

(d)

Figure 4. Self-cleavage reactions of the Genie-1 dsRNA and Girep-1 dsRNA. All the reactions were incubated at 37°C for 2h, and run on 8%
dbndLU(lUE pUl\dCr\ldll‘lldb gel containing 7M urea at 330 V. (a) Self-cleavage reactions of dsGenie-1 RNA (left to the size marker) and dsGirep-1

MeCly: () Mg ™
dt\dlbnt ion, and EDTA was added to S0mM on the last lane.

promoler sequences as there is a lack ol conserved
sequence in the promoter region. One possibility is
that these ncRNAs may co-transcribe with their
adjacent ORFs, and the pre-transcripts are later
processed to give mRNAs and ncRNAs. If this i
the case, there must be specific RNA-proce
machinery to carry out the task. One possible
candidate is the spliccosome, as it is highly unlikely
for a whole spliceosome to remain just for proces-
sing lwo introns (38,39).

(i) Three novel candidates from the c¢cDNA library
show polymorphic variations in having several
nearly identical copies in the genome with most of
the polymorphic copies not located near predicted
ORFs. 1t 15 not known if all the polymorphic copies
of these RNAs are transcribed, because for each of
the three candidates only one form has been seen in
our ¢cDNA library. Some of these polymorphic
copies are encoded in tandem repeats, but the rest
are located in a distant part of the genome. It has
been known that some ncRNAs such as U2
snRNAs in Xemopus do have this feature in
developmental regulation (58); however, the poly-
morphic forms of our candidates do not have any
sequence similarity to known spliceosomal snRNAs.

(i) Long retrotransposon-like  tandem repeats of
ncRNAs are described in the Results section. The
experimentally confirmed tandem repeat is located
in an ORF-rich area of the genome with both

e m.irlu.r} buffer: 20mM HEPES, 150mM NaCl, with or without 2.5mM MgCly: (b) The test of ssRNA of Cln.p 1 in water
titration assay of Genie-1 dsRNA and (d) the test of different ions with dsGenie-1 RNA in water with 2.5mM of each

“+7 and strands adjacent to neighbouring
protein-coding genes. We suggest that it 1s likely
that they are co-transcribed with mRNAs and are
subsequently cleaved by a specific but yvet unknown
mechanism. The novel self-cleaving feature of the
dsRNAs derived from the two retrotransposon-like
elements will require further investigation.

I'he puzzle of spliceosomal snRN As in Giardia

There is very little known about splicing in Giardia.
Sequence mining from the genome shows that most of the
eukarvotic specific spliceosomal proteins (9) are present in
Giardia, as well as the important US snRNA (59), which
functions at the centre of both major and minor
spliceosomes. It is common in eukaryvotes that the
spliceosomal snRNAs are expressed at a high level (60),
since intron splicing generally occurs at a high rate.
However, it seems not the case in Giardia. We did not find
any sequence in our cDNA library with similarity to any
known spliceosomal snRNA. To determine the possible
presence of any spliceosomal sn RNAs in the library, PCR
reaction using the US primers (Materials and Methods
section) was done on the cDNAs. Results show that U5
snRNA 15 expressed and present, but in very low
quantities. Another puzzling question concerns the U6
snRNA. U6 snRNA is the most conserved spliccosomal
snRINA across all the eukarvotes studied to date.
U6 snRNAs take part in the actual catalysis during




splicing (61), and share extensive sequence similarities
across eukarvotes. In an early study (62), it has
been shown that a single pair of PCR primers could
detect U6 snRINAs from 17 different species of eukaryotes.
As a trial, the same pair of primers was tried on Giardia
in  both genomic PCR and RT-PCR reactions.
Despite extensive effort, there is as yet no detectable
candidates for a Giardia U6 snRNA. It is therefore
concluded that our current approach is not powerful
enough to solve the puzzle of Giardia’s spliceosomal
snRINAs.

Novel neRNA candidates

Total 26 out of our 31 novel RNA candidates cannot vet
be extensively characterized as belonging to any known
class of ncRNA; a feature seen in other species-specific
studies (29). Structural studies and motif analysis of these
RNAs did not show distinct features found in known
ncRNAs. A number of these RNAs are GC rich,
providing a basis for strong helical structures. Lack of
characterization is possibly due to the highly divergent
sequences of Giardia compared to those of the major
eukaryotic groups, and because most computer programs
developed for identifying ncRNAs are based on human
and yeast. One way to further approach the identification
of ncRNA is through more computational studies by
incorporating more Giardig-specific information into the
existing programs, followed by experimental verification
of our proposed candidates. Another way is through
biochemical studies of central protein components of
various RNA processing pathways. These are to be
investigated in the future.

In conclusion, our cDNA library successfully uncovered
31 novel ncRNAs from Giardia, and our computational
approach was shown to be a useful method that worked
well in parallel with an experimental approach to aid
discovery of 60 potential putative snoRNAs in a deep-
branching eukarvote. Although it is hard to characterize
each candidate ncRNAs found from the ¢cDNA library
due to sequence divergence, as far as we can tell, Giardia
has quite typical eukaryotic RNA processing despite being
reduced and with many introns lost. The transcriptional
patterns seen in these ncRNAs may help in understanding
the mechanism of RNA processing. Future work will
continue to be done in investigating the unusual properties
of ncRNAs by combined biochemical and computational
methods.

SUPPLEMENTARY DATA

Supplementary Dala are available at NAR Online.

ACKNOWLEDGEMENTS

We thank George Ionas and Errol Kuan from
Microaquatech for kind supply of G. intestinalis culture,
Anja Zemann and Claudia Marker (ZMBE) for great help
with the cDNA library and Timothy White (Allan Wilson
Centre) for time and effort on computer programming.
This work is supported by the New Zealand Marsden

56

Chapter-2

Nucleic Acids Research, 2007, Vol. 35, No. 14 4627

Fund; the Allan Wilson Centre for Molecular Ecology and
Evolution; European Union (EU; LSHG-CT-2003-
503022) and the Nationales Genomforschungsnetz
(NGFN; 0313358A). Funding to pay the Open Access
publication charges for this article was provided by the
New Zealand Marsden Fund.

Conflict of interest statement. None declared.

REFERENCES

Mattick J.S. and Makunin, LV, (2006) Non-coding RNA.

Hum. Mol Gener., 15 Spec No 1, R17-R29,

. Carninci,P., Kasukawa,T., Katayvama. 5., Gough.J., Frith M.C,

Maeda N., Oyama,R., Ravasi,T., Lenhard B. er al. (2005) The

transcriptional landscape of the mammalian genome. Seience, 309,

1559-1563.

Gilbert W. (1986) The RNA world. Narure, 319, 618,

Brosius,J. (2005) Echoes from the past - are we still in an RNP

world? Cyrogenet. — Genome Res., 110, 8-24,

Jeffares,D.C., Poole A.M. and Penny,D. (1998) Relics from the

RNA world. J. Mol. Evel, 46, 18-36.

. Woodhams M.D., Stadler,P.F., Penny,D. and Collins,L.J. {2007)

RENase MRP and the RNA processing cascade in the eukaryotic

ancestor. BMC. Evol. Biol, T(Suppl. 1), §13.

Kramer A, (1996) The structure and function of proteins involved

in mammalian pre-mRNA splicing. Annw. Rev. Biochem., 65,

367-409.

. Patel A A, and Steitz.J.A. (2003) Splicing double: insights from the

second splicecsome. Nat. Rev. Mol. Cell Biol, 4, 960-970,

Collins L. and Penny,D. (2005) Complex spliceosomal organization

ancestral to extant eukaryotes. Mol. Biol. Evol., 22, 1053-1066.

Russell A.G., CharetteJ. M., Spencer,D.F. and Gray M. W. {2006}

An early evolutionary origin for the minor spliceosome. Nature,

443, 863-866.

. Bachellerie, J.P., CavailleJ. and Huttenhofer,A. (2002) The
expanding snoRNA world. Biechimie, 84, 775-790.

. Brown, J.W., Echeverria M. and Qu.L.H. (2003) Plant snoRNAs:
functional evolution and new modes of gene expression
Trends Plant Sei., 8, 42-49,

. Uliel.S., Liang X .H., Unger,R. and Michaeli,S. (2003) Small
nucleolar RNAs that guide modification in trypancsomatids:
repertoire, targets, penome organisation, and unigue functions.

Int. J. Parasitol, 33, 235-255.

. Dennis P P. and Omer.A. (2005) Small non-coding RNAs in

Archaga. Curr. Opin. Microbiol., 8, 685-694,

Mehler M.F. and Mattick.J.S. (2006) Non-coding RNAs in the

nervous system. J. Physiol, 575, 333-341.

Newby,M.I. and Greenbaum,N.L. (2001) A conserved

pseudouridine modification in eukaryotic U2 snRNA induces a

change in branch-site architecture. RNA, 7, 833-845,

. Watkins,N.J., Segault. V., Charpentier,B.. Nottrott.8., Fabrizio,P.,

Bachi,A., Wilm,M., Rosbash, M., Branlant,C. er al. (2000) A

common core RNP structure shared between the small

nucleoar box C/D RNPs and the spliceosomal U4 snRNP. Celf,
103, 457-466.

StaleyJ.P. and Guthrie,C. (1998) Mechanical devices of the

splicensome: motors, clocks, springs, and things. Cell, 92, 315-326.

Frank,D.N. and Pace N.R. (1998) Ribonuclease P: unity and

diversity in a tRNA processing ribozyvme. Annu. Rev. Biochem., 67,
153-180.

Marquez, 8. M., Harris J K., Kelley 8.T., BrownJ W., Dawson.S.C.,

Roberts,E.C. and Pace N.R. (2005) Structural implications of novel

diversity in eucaryal RNase P RNA. RNA, 11, 739-751.

. Collins,L.J., Moulton.V. and Penny.D. (2000) Use of RNA
secondary structure for studying the evolution of RNase P and
RNase MRP. J. Mol Evol, 51, 194-204,

. Chamberlain J.R., Lee. Y., Lane W .S, and Engelke D.R. (1998)
Purification and characterization of the nuclear R Nase P
holoenzyme complex reveals extensive subunit overlap with RNase
MRP. Geres Dev., 12, 16781690,

&)

v B

=3 -

-

2

w

e
I



4628 Nucleic Acids Research, 2007, Vol. 35, No. 14

*
iy

. Hammond S.M., Caudy, A.A. and Hannon,GJ. (2001) Post-

transcriptional gene silencing by double-stranded RNA.

Nat. Rev. Gener., 2, 110-119.

Giriffiths-Jones,S., Bateman,A., Marshall M., Khanna A. and

Eddy.S.R. (2003) Rfam: an RNA family database.

Nucleic Acids Res., 31, 439-441.

. Bernstein E., Caudy, A A., Hammond, $. M. and Hannon,G.J. (2001)

Role for a bidentate ribonuclease in the initiation step of RNA

interference. Nature, M, 363-366,

Macrae 1., Zhou K., Li,F., Repic.A., Brooks A.N., Cande W.Z.,

Adams,P.D. and Doudna J.A. (2006) Structural basis for

double-stranded RNA processing by Dicer. Seience, 311, 195-198.

Argaman, L., Hershberg,R., VogelJ., Bejerano,GG., Wagner, EG..

Margalit H. and Altuvia,S. (2001) Novel small RNA-encoding

genes in the intergenic regions of Escherichia coli. Curr. Biol., 11,

941-950.

- Yuan,G., Klambt,C., Bachellerie J.P., BrosiusJ. and

Huttenhofer A. (2003) RNomics in Drosophila melanogaster:

identification of 66 did. for novel no RNAs.

Nucleic Acids Res., 31, 2495-2507.

ZemannA., op de Bekke A., Kiefmann M., BrosiusJ. and

Schmitz.J. (2006) Evolution of small micleolar RNAs in nematodes.

Nucleic Acids Res., 34, 2676-2683.

Huttenhofer, A., Kiefmann M., Meier-Ewert,S., O’ Brien J.,

Lehrach H., Bachellerie, J.P. and Brosius.J. (2001) RNomics: an

experimental approach that identifies 201 candidates for novel,

small, non-messenger RNAs in mouse. EMBO J., 20, 2043-2053

. RubyJ.G., Jan,C., Player,C., AxtellM.J., LeeW., Nushaum C.,

Ge,H. and Bartel, D.P. (2006) Large-scale sequencing reveals

21U-RNAs and additional microRNAs and endogenous siRNAs in

C. elegans. Cell, 127, 1193-1207.

Marker,C., Zemann A, Terhorst,T., Kiefmann, M.,

Kastenmayer,J.P., Green.P., Bachellerie J.P.. Brosius.J. and

Huttenhofer A, (2002) Experimental R Nomics: identification of 140

did for small no RMNAs in the plant Arabidopsis

thaliana. Curr. Biol., 12, 2002-2013.

. Aspegren,A., Hinas A., Larsson.P., Larsson,A. and Soderbom,F.

(2004) Novel non-coding RNAs in Dictyostelium discoideum and

their expression during development. Nucleic Acids Res. 32,

46464036,

Huttenhofer A. and VogelJ. (2006) Experimental approaches to

identify non-coding RNAs. Nucleic Acids Res., 34, 635-646.

. Vanacova,S., Liston,D.R., TachezyJ. and Johnson,P.J. (2003)

Molecular biology of the amitochondriate parasites, Giardia

intestinalis, Entamoeba histolytica and Trichomonas vaginalis.

Int. J. Parasitel., 33, 235-255.

Keeling, P.J., Burger,GG., Durnford D.G., Lang B.F., Lee R.W .,

Pearlman R.E., Roger, AJ. and GrayM.W. (2005) The tree of

eukaryotes. Trends Ecol. Evol., 20, 670-676.

NixonJ.E., Wang.A., FieldJ., Morrison H.G., McArthur, A.G..

SoginM.L., Loftus,B.J. and SamuelsonJ. (2002) Evidence for

lateral transfer of genes encoding ferredoxins, nitroreductases,

NADH oxidase, and alcohol dehvdrogenase 3 from anaerobic

prokaryotes to Giardia lamblia and Entamoeba histolytica.

Eukearyot. Cell, 1, 181-190.

. Nixon J.E., Wang. A.. Morrison, H.G., McArthur, A.G., Sogin, M.L.,

Loftus, BJ. and Samuelson,J. (2002) A spliceosomal intron in

Giardia lamblia. Proc. Natl Acad. Sci. USA, 99, 3701-3705.

Russell, A.G., Shutt,T.E., Watkins, R.F. and GrayM.W. (2005) An

ancient splicecsomal intron in the ribosomal protein L7a gene

(Rpl7a) of Giardia lamblia. 8MC Evel. Biol., 5, 45,

. Niu,X.H., Hartshorne,T., He, X.Y. and AgabianN. (1994)
Characterization of putative small nuclear RNAs from Giardia
lamblia. Mol. Biochem. Parasitel., 66, 49-37.

. Yang CY., Zhou H., LuoJ. and Qu,L.H. (2005) Identification
of 20 snoRNA-like RNAs from the primitive eukaryote, Giardia
lamblia. Biochem. Biophys. Res. Commun., 328, 1224-1231.

2. LuoJ., ZhowH., Chen,C.H., LiY., ChenY. and Qu.L.H. (2006)

Identification and evolutionary implication of four

£

.

"
=

u
bl

"
=~

w
&

4

da
3

4

46.

4

4

449,

30.

5

5

36.

5

5

59.

6

57

5.

]

8.

r2

b

3.

.

8.

%]

Chapter-2

novel box H/ACA snoRNAs from Giardia lamblia. Chin, Sei. Bull.,
51, 2451-2456.

. Kurland C.G., Collins,L.J. and Penny,D. (2006) Genomics and the

irreducible nature of eukaryote cells. Science, 312, 1011-1014,

. Chenna.R., Sugawara H., Koike,T., Lopez.R., Gibson, T J.,

Higgins, .G, and Thompson J.D. (2003) Multiple sequence
alignment with the Clustal series of programs. Nueleic Acids Res.,
31, 3497-3500.

Samarsky.D.A.. Fournier, M.J., Singer.R.H. and Bertrand E. (1998)
The snoRNA box C/D motif directs nucleolar targeting and also
couples snoRNA synthesis and localization. EMBO J., 17,
37473757,

CavailleJ ., Nicoloso,M. and Bachellerie J.P. (1996) Targeted ribose
methylation of RNA in vivo directed by tailored antisense RNA
guides. Namre, 383, 732-735.

. Kiss-Laszlo Z., HenryY. and Kiss,T. (1998) Sequence and

structural elements of methylation guide snoRNAs essential for
site-specific ribose methylation of pre-rRNA. EMBO J., 17,
T97-807.

Edlind.T.D. and Chakraborty.P.R. (1987) Unusual ribosomal RNA
of the intestinal parasite Giardia lamblia. Nucleic Acids Res., 15,
TRE9-T901.

Lowe, T.M. and Eddy,S.R. (1999) A computational screen for
methylation guide snoRNAs in veast. Science, 283, 1168-1171.
Ganot,P., Bortolin M.L. and Kiss T. (1997) Site-specific
pseudouridine formation in preribosomal RNA is guided by small
nucleolar RNAs. Cell, 89, 700-804,

. Ganot,P., Caizergues-Ferrer M. and Kiss, T. (1997) The family

of box ACA small nucleolar RNAs is defined by an

evolutionarily conserved secondary structure and ubiguitous

sequence elements essential for RNA accumulation. Genes Dev., 11,
41-956.

. Li.ang,X..H., LiuL. and Michaeli,S. (2001) Identification of the first

trypanosome H/ACA RNA that guides pseudouridine formation on
tRNA. J. Biol. Chem., 276, 40313-40318.

. Tang,T.H., Polacek.N., Zywicki.M., Huber, H., Brugger.K.,

Garrett,R., Bachellerie,J.P. and Huttenhofer A. (2005) Identification
of novel non-coding RNAs as potential antisense regulators in the
archaeon Sulfolobus solfataricus. Mol Microhiol | 55, 469-481
Rozhdestvensky.T.S., Tang. T.H.. Tchirkoval.V.. BrosiusJ.,
Bachellerie J.P. and Huttenhofer,A. (2003) Binding of L7Ae protein
to the K-turn of archaeal snoRNAs: a shared RNA binding motif
for C/D and H/ACA box snoRNAs in Archaea. Nucleic Acids Res.,
31, B69-877.

Ullu,E., Tschudi,C. and Chakraborty,T. (2004) RNA interference in
protozoan parasites. Cell Microbiol., 6, 509-519,

Burke, W.D., Malik H.S., Rich,S.M. and Eickbush,T.H. (2002)
Ancient lineages of non-LTR retrotransposons in the primitive
eukaryote, Giardia lamblia. Mol Biol. Evol., 19, 619-630.

UlluE.., Lujan, HD. and Tschudi.C. (2005) Small sense and
antisense RNAs derived from a telomeric retroposon family in
Giardia intestinalis. Eukaryor. Cell, 4, 1155-1157.

Mattaj, LW, and Zeller,R. (1983) Xenopus laevis U2 snRNA genes:
tandemly repeated transcription units sharing 5 and 3 flanking
homology with other RNA polymerase 11 transcribed genes.
EMBO J.. 2, 1883-1891.

Collins,L.J., Macke.T J. and Penny,D. (2004) Searching for
ncRNAs in eukaryotic genomes: maximizing biological input with
RNAmotif. J. Bitegr. Bioinformatics, 1, 61-77.

RiedelN., Wise LA, Swerdlow.H ., Mak A. and GuthrieC. (1986)
Small nuclear RNAs from Saccharomyces cerevisiae: unexpected
diversity in abundance, size, and molecular complexity. Proc. Natl
Acad. Sci. USA, 83, 8097-8101.

. Yean,S.L., Wuenschell, G., Termini.J. and Lin,R.J. (2000) Metal-ion

coordination by U6 small nuclear RNA contributes to catalysis in
the splicensome. Narure, 408, 881-884.

. Tani.T. and Ohshima.Y. (1991) mRNA-type introns in U6 small

nuclear RNA genes: implications for the catalysis in pre-mRNA
splicing. Genes Dev., 5, 1022-1031.



58

Chapter-2



Chapter Three — Further analysis of the ncRNA Iyoir

Giardia intestinalis

Abstract

This chapter extends the analysis on Giardia cDNA library. After more clones were
sequenced, the collective data agrees with my previous observation thaGraadig
novel ncRNAs do not show similarity with known types of ncRNAs. The reason behind
the phenomenon is not yet clear, but is likely to be resulted from long evolutionary
deviation ofGiardia from the other eukaryotes. Nonetheless, analysis of expressional
patterns of various classes of ncRNASGIrdia reveals conservation of certain upstream
sequence motifs within proposed promoter regions. The transcription appaGiasiia
is known to be highly reduced. New information obtained from my studies about the
potential features of NCRNA transcription Giardia may lead to further investigation of
the transcriptional systems in distant eukaryotes. In addition, potential new protein
candidates oGiardia RNA polymerase system are also presented here. Finally, detailed
structural analysis of the novel ncRNA candidates was performed using specialized RNA
structural alignment tools. Results indicate a number of conserved structures within these
novel ncRNAs of Giardia.

3.1 Background: Molecular biology @iardia intestinalis and

techniques in the studies of ncRNA

3.1.1 Giardia— a deep-branching unicellular eukaryote

Giardia intestinalis (commonly known asGiardia lamblia) is an enteric
parasite of the small and large intestine, and can cause severe diarrhoea.
Giardia has a two-stage life cycle consisting of trophozoite and cyst (Figure-1,
from http://www.dpd.cdc.gov). The life cycle begins with ingested cysts, which
release trophozoites. The trophozoites then attach to the surface of the
intestinal epithelium, and reproduce by binary fission. However, the trigger for
encystment is still unclear. Cysts are released in faeces and can reinfect

additional hostsGiardia has a characteristic tear-drop shape and measures 10
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—15 ym in length. It has two identical nuclei and an adhesive disk reinforced by

microtubules.

Figure-1 : The life cycle of Giardia intestinalis Giardia was traditionally
classified with other
flagellated protozoans,
including kinetoplastids,

parabasalids and dientamoeba
(Levine et al. 1980). It has
now been placed within

| Contamination of water, foed, o
| handssomites with infectiv cysts.

excavates, as a member of

Trophozoites are also
passed in stool but
they do not survive in
the "

diplomonads along with the
mole parasite Spironucleus

muris (Januschka et al. 1988).

A\ = infeciive stage
A = Diagnostic Stage

The widely accepted

classification is based on 18S

rRNA sequences, an@iardia

L) /

most “primitive” eukaryotic organisms, together with other amitochondria

was proposed to be one of the

eukaryotes such aiichomonas vaginalis and microsporidians (Sogin et al.
1989). However, discovery of nuclear genes with mitochondrial ancestry in
Giardia, Entamoeba and microsporidians (Roger et al. 1998; Tachezy et al.
2001; Arisue et al. 2002), together with the finding of mitochondrial remnant
organelles in these amitochondrial protists (Tovar et al. 1999; Williams et al.
2002; Tovar et al. 2003) shows that rather than being primitive, these
organisms are more likely to be the result of reductive evolution, in an

anaerobic environment.

A recent tree of eukaryotes (Figure-2) divides them into five super-groups
(Keeling et al. 2005), with a diverse group of protists named “the excavates”.
The order of branching of these five groups is not known, nor is the position of
the root. Mitochondrial proteins and remnant organelles have now been found
in most of the excavates except for oxymonads and retortamonads (Dyall et al.

2004). It is unclear whether excavates should still be considered early
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eukaryotic lineages, although they do show features of ancestral atikary
cells such as reduced organelles and transcription apparatus.

Figure-2 : A tree of eukaryotes

Plantae Streptophytes Discicristates Excavates
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Green Algae Charophytes e
Chiorophytes Euglenids
Trebouxiophytes Core jakobids
Ulvophytes Trimastix
Prasinophytes Oxymonads
Mesostigma Trichomonads
Hypermastigotes
Red Algae Floridiopiytes Carpediemonas
Bangiophytes Retortamonads 3 -
Cyanidiophytes piplomenads <— Giardia
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Euglyphids
Phaeodarea
Heteromitids
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Apicomplexa
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Oxyhrris lorarachniophytes
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Ec:.lp::neTa Polycystines
obiopsids Acantharia Rhizaria
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Raphidiophytes Ascomycetes
Eustigmatophytes Basidiomycetes
Chrysophytes Zygomycetes
Phaeophytes Microsporidia
Bolidophytes Chytrids
Biastocystis Nucleariids
Actinophryids Animals
Stramenopiles Labyrinthulids !
2 Thraustrochytrids c;;;::naﬁagellahs Opisthokonts
Oomycetes st
Gnalnids. Ichthyosporea (Fungamals)
Bicosoecids Dictyostelids
Myxogastrids
Haptophytes
il Protostelids
Cryptomonads Lobosea
Archamoebae
Chromalveolates Amoebozoa ‘Unikonts’

TAENDS n Ecolbgy & Evoiiion

(Keeling et al. 2005)

Despite the uncertainty of its phylogen@iardia is a deep-branching
eukaryote with reduced cellular architecture, and is very distant from both
multicellular plants and animals. As such it is important to study its
biochemical properties to be able to help infer properties of ancestral
eukaryotes. Its trophozoites are symmetric along the long axis. Lysosomal
vacuoles, ribosomal and glycogen granules are found in the cytoplasm (Adam
2001). Golgi complexes are visible in the encysting trophozoites but not in the
vegetative trophozoites (Gillin et al. 1996). However, demonstration of stacked
membranes suggests the presence of Golgi complexes (Lanfredi-Rangel et al.
1998), and genes of proteins associated with Golgi complexes have been

identified (Dacks et al. 2003)Giardia does not have recognizable

* Hydrogenosome (Lindmark and Muller, 1973): a membrane-bound organelle of some
anaerobic ciliates, trichomonads and fungi. It produces molecular hydrogen and ATP. This
organelle is thought to have most likely evolved from mitochondria.
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hydrogenosomés(Lindmark and Muller 1973), but hydrogenase activity has
been detected in cell-free extracts under anaerobic conditions (Lloyd et al.
2002). Nucleoli have not been identified Giardia, however important pre-
rRNA processing protein homologues normally found in nucleoli of other

species are found in Giardia (Narcisi et al. 1998; Xin et al. 2005).

The reduced, but fully functional cell dbiardia suggests an unusual
evolutionary path of this organism. Perhaps not so andi@atdia (as an
excavate) can still represent a basal form of eukaryotes for its relatively simple
cellular features, and may still show properties of ancestral eukaryotic cell
before the formation of fully specialized multicellular eukaryotes.

3.1.2 The genome of Giardia

The Giardia genome-sequencing project (McArthur et al. 2000; Morrison et
al. 2007) enables extensive experimental and computational studies on genes,
transcription and evolution of this organism. The 12 Mb genont&artia is
localized on five chromosomes ranging in size from approximately 1.6 Mb to
3.8 Mb (Adam et al. 1988). The genomeGifrdia is highly compact in its
structure and content with simplified DNA replication, transcription and RNA
processing mechanisms (Morrison et al. 2007). The chromosomes have typical
eukaryotic features such as the “TAGGG” telomeric repeat (Le Blancq et al.
1991), four core histones (H2a, H2b, H3 and H4), and a linker histone (H1)
(Wu et al. 2000). The largest protein family@ifardia is the protein kinases,
indicating the use of extensive signal transductions and the newly annotated
genome (Morrison et al. 2007) has revealed a previously unknown family of

cysteine-rich structural proteins.
The transcription apparatus Gfardia is basal compared to crown eukaryotes.

A survey by Best et al. of the genome revealed homologues to 21 of the 28

proteins comprising the three typical eukaryotic RNA polymerases, and 4 of
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the 12 general transcription-initiation factors, also @Giardia TATA-box
binding protein is highly divergent from the homologous proteins in eukaryotes
and archaea (Best et al. 2004). These data suggest two possibilities that either
Giardia evolved after the origin of the core transcription apparatus but before
the complete evolution of all the transcriptional factors;Gvardia once
possessed complete transcriptional machinery, but subsequently (possibly
because of a parasitic lifestyle) reduced to having only a minimum set of
transcriptional factors. The deep position of diplomonads, microsporidia and
other protists in molecular phylogenies brought about extensive debates. It has
been suggested that the deep position is due to artefacts in phylogenetic
reconstruction methods such as long-branch attractions (Hirt et al. 1999).
However diplomonads have been consistently placed among early-branching
eukaryotes in both rRNA and protein phylogenies, and have not associated
with any late-emerging phylogenetic groups (Dacks et al. 2002; Inagaki et al.
2003; Moreira et al. 2006). In  comparison, the microsporidium
Encephalitozoon cuniculi also has a highly reduced genome, but its genome
contains a full set of RNA polymerase Il general transcription factors (Katinka
et al. 2001), which is consistent with a late-emerging and less reduced

transcriptional system.

Giardia synthesizes a surprisingly abundant and diverse array of sterile
transcripts unable to code for proteins. A random sampling of two
evolutionarily divergenGiardia strains showed that about 20% of the cDNAs
analysed were polyadenylated sterile transcripts (EImendorf et al. 2001a). To
date there are only three introns published Goardia (Nixon et al. 2002;
Russell et al. 2005) and another three unpublished djpessonal
communicaton with Scott Roy, NIH)The untranslated regions (UTRs) of
MRNAs are typically less than 20nt at thee&d and less than 50nt at the 3’
end (Adam 2000). It has been shown that only a short region (<50nt) of
upstream sequence is required to drive expression of a reporter gene in
transfectedGiardia (Yee et al. 2000; Elmendorf et al. 2001b). AG@rdia’s
promoters are poorly conserved and are likely degenerate (Holberton and

Marshall 1995). Analysis of the antisense transcripts showed that antisense
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transcription is not restricted to a few loci (EImendorf et al. 2)0ience the
authors suggested that they were more likely the results of loose transcriptional

regulation than involving in antisense regulation.

In summary, despite the evidence tltaiardia once had mitochondria,
lacking of a number of general transcription factors and having a highly
degenerate transcription system suggest a relatively basal phylogenetic position.
However, studies on the molecular biology Gfardia can still provide
glimpses to the cellular state ancestral to the radiation of animals, plants and
fungi, because comparing the data fr@rardia with other eukaryotes will
reveal common features that are shared among all lineages, and the common

features are likely to represent the ancestral state.

3.1.3 Techniques in the studies of ncRNAs

Several methods for ncRNA identification and characterization have been
well established (Huttenhofer and Vogel 2006). The common methods include
(1) enzymatical or chemical sequencing of RNA; (2) cloning of ncRNAs by
generating cDNA libraries; (3) the use of microarrays to analyse expression of
NcRNAs under different conditions; (4) the “genomic SELEX” approach to
select ncRNA candidates from the genomes of organisms of interest; (5)
bioinformatic tools to screen genomes for ncRNAs.

Direct RNA sequencing was used in the very early days of RNA research. By
using a mixture of RNases which specifically cleave the radio-labelled RNA
substrate at the -3end of G, C, U or A (Gupta and Randerath 1977b; Gupta
and Randerath 1977a), the sequence of RNA can be determined on a
denaturing polyacrylamide gel after autoradiography. Similarly for chemical
sequencing, four base-specific chemical reactions generate a means of directly
sequencing end-labelled RNA, followed by a partial, specific modification of
each kind of RNA base, and an amine-catalyzed strand scission generates
labelled fragments whose lengths determine the position of each nucleotide in
the sequence (Peattie 1979). Early studies have sequenced tRNAs and rRNAs
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using enzymatical or chemical sequencing (Yarus and Barrell 1971;
Ehresmann et al. 1977). Direct RNA sequencing has also been used for
characterization of small nucleolar RNAs in yeast and vertebrates (Balakin et
al. 1996). Direct RNA sequencing requires excision of single bands after
separating total RNAs on gels, thus it is very likely to introduce other RNA
species of same/similar size and result in ambiguous data. This problem is
usually solved by running 2D gels. The applicability of sequencing a particular
RNA is also dependent on its size and abundance due to the capacity and
resolution of acrylamide gels. However, compared with sequencing cDNA
clones, direct sequencing does not require reverse transcription. Therefore it
avoids any problems associated with reverse transcription caused by RNA

secondary/tertiary structures.

Generation of cDNA libraries is the most widely used method for identifying
NcRNAs. Isolation of ncRNAs is based on size. Since most mRNAs have sizes
greater than 500nt, RNA sized between 20nt to 500nt is isolated by denaturing
polyacrylamide gel electrophoresis for general downstream cDNA synthesis.
Alternatively RNAs can be selected based on their ability of binding to proteins
through immunoprecipitation (Vitali et al. 2003). Three experimental
approaches have been developed for generating cDNA libraries. The first two
methods involve addition of oligo(C) or oligo(A) tails to the RNAs by poly(A)
polymerase and the third one involves addition of adaptors at both ends of the
RNAs (Martin and Keller 1998). In the first method, tailed-RNAs are reverse
transcribed using oligo(G) or oligo(T) primer, followed by second-strand
synthesis with DNA-polymerase | (Huttenhofer et al. 2004). Subsequently
double-stranded DNA linkers are ligated to the cDNAs, which are then cloned
into a standard vector system (Huttenhofer et al. 2004). In the second method,
RNA samples are treated with tobacco acid pyrophosphatase (TAP) which
cleaves the 5 cap structure of some ncRNAs (Aspegren et al. 2004).
Subsequent to 3'tailing, an oligonucleotide linker carrying a-fydroxyl
group is ligated to 5'end of ncRNAs by T4-RNA ligase (Aspegren et al. 2004).
The modified RNAs are then reversed transcribed and cloned. In a third

method, RNA oligonucleotide linkers are ligated to both theid and 3'end
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by T4 RNA ligase; the oligonucleotide at the &nhd of the RNA lacks a
phosphorylated 5'end, while the oligonucleotide at the &nd of the RNA
contains a blocked 3end (Huttenhofer et al. 2004).

In this study, an ncRNA library diardia has been made using the second
method described above. Figure-3 outlines the procedure of cDNA library

construction.

Figure-3 Procedure for constructing a non-coding cDNA library of Giardia

Cell culture PPP-5'—3’
Tobacco Acid o
Pyrophosphatase R_estrlct|on
, , digest
l Extraction PS———— 3
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T4 RNA ligase
P 3
! —5——3'CCCC......
5 PSPORT-6

5

Size fractionation Reverse transcriptase

and Taq
Elution

—_— RNA sized 70-600nt
I

In general, size-selected cDNA libraries enable large-scale identification of
NcRNAs by high-throughput sequencing. However the abundance of individual
cDNA clones depends on the nature of individual RNAs: less
structured/modified RNAs are more easily reverse-transcribed, resulting in
more abundant cDNA clones; cDNA clones of smaller size are more abundant
than those of larger size, since smaller RNAs are more efficiently reverse-
transcribed than larger ones. These obstacles can be overcome by sequencing a
large number of cDNA clones (often thousands), or by hybridization using
radio-labelled oligonucleotides targeting the most abundant known ncRNAs to

exclude them before sequencing.
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Microarrays are the favoured method to study levels of expression of many
genes in parallel. To date, single-stranded DNA oligonucleotides of 25-70nt are
the predominant type of probe, and are generally labelled with fluorescent dyes
(Stoughton 2005). Early microarray studies have conducted extensive analysis
of E. coli transcriptome (Selinger et al. 2000; Tjaden et al. 2002; Zhang et al.
2003), and aided verification of computationally predicted ncRNAs in other
bacteria (Pichon and Felden 2005). Global analysis of ncRNA expression has
also been applied to eukaryotes in prediction and annotation of ncRNAs (Peng
et al. 2003; Inada and Guthrie 2004; Bentwich et al. 2005; Hiley et al. 2005).

The above techniques allow identification of ncRNAs from a pool of
transcribed cellular RNAs by direct sequencing, cloning or microarray analysis.
The fourth technique can identify ncRNAs through their ability of binding to
proteins without isolating RNA transcripts from vivo. This approach is
termed genomic SELEX (Singer et al. 1997), and usedgtro transcribed
RNAs that are derived from a library of an organism’s entire genomic DNA.
Genomic SELEX has been used to select mRNAs that bind to certain protein
partners (Shtatland et al. 2000; Kim et al. 2003). However this method is not
widely used in identification of ncRNAs. The advantage of genomic SELEX is
the possibility of identifying low-abundance RNAs that are overlooked by
methods that require isolation of RNAs with certain levels of expression. And
also, identification of RNAs through this method is not dependent on the

developmental stages of an organism.

Identifying ncRNAs through the above methods is the first step towards
characterising their functions. The ncRNAs identified at this stage are
generally termed candidates before further biochemical analysis is done to
confirm their biological functions. Several approaches are generally used in the
study of RNA functions.

(1) Analysis of RNA-protein interactions and RNA-RNA interactions
Most ncRNAs are part of ribonucleoprotein particles (RNPs), and bind to

specific protein partners. Analysis of RNA-protein complexes can hint towards
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the function of ncRNAs based on the known functional domains of proteins.
NcRNAs have been used as a “bait” to fish for RNA-binding proteins in cell
extracts. For in vitro analysis, RNA can be synthesized by T7 RNA polymerase
with an “affinity-tag” such as incorporating biotinylated UTP, and the
biotinylated RNA is attached to a streptavidin coated solid support and the
NCcRNP can be isolated by using the ncRNA as a bait (Bardwell and Wickens
1990). Forin vivo analysis, the yeast three-hybrid systeifHook et al. 2005)

has been developed to study RNA-protein interactions (Zhang et al. 1999;
Bernstein et al. 2002). Many ncRNAs target RNAs through antisense binding.
Target RNAs include mRNAs, ribosomal RNAs, tRNAs and snRNAs. Finding
RNA targets can be done either computationally (Krek et al. 2005; Lewis et al.
2005), or experimentally (Lim et al. 2005).

(2) Expression patterns and structural analysis

Analysis of the expression patterns (cellular/subcellular localizations) of
newly identified ncRNAs can hint towards their functions. Fluoresicestu
hybridization techniques are used to visualise the location of ncRNAs (Vitali et
al. 2005). Subcellular localization of ncRNAs can also be studied by northern
blot and RT-PCR. In addition, total RNA extracted from different
developmental stages can be extracted and analysed for difference in ncRNA
content. Expression patterns can also be analysed through computational
method based on available genomic information. Structural analysis is an
important computational method for the study of ncRNAs. Currently available
structural analysis tools involve single RNA structure prediction (Hofacker
2003), pairwise RNA structural alignment (Havgaard et al. 2005) and multiple
RNA structural alignment (Kiryu et al. 2007; Torarinsson et al. 2007).

In this thesis, a total of 38 novel ncRNAs have been found in the Giardia non-
coding cDNA library and subjected to further analysis. Most of these ncRNA
candidates do not show any recognizable features of known types of ncRNAs.

The genome oGiardia is fully sequenced (McArthur et al. 2000; Morrison et

* Yeast three-hybrid system (Hooks et. Al. 2005): In this system, an RNA sequence is tested in
combination of an RNA-binding protein linked to a transcription-activation domain. A
productive RNA-protein interaction activates a reporter genevo. This system has been

used to test candidate RNA-proteins.
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al. 2007) and the majority of protein-coding sequences, as well as som
NcRNAs (rRNAs, tRNAs) are predicted. However the functions of many
proteins are unknown and the major RNA-processing pathways have not been
studied, which makes biochemical studies of unknown ncRNAs very difficult.
In this chapter, analysis of the novel ncRNA candidates is mainly done by
computational methods based on genomic information and publ&iaedia

ncRNASs available to date.

3.2 Analysis of the novel ncRNA candidates

3.2.1 Novel ncRNA candidates from Giardia cDNA library

Following the first study detailed in Chapter-2, a further 576 clones were
sequenced. All together a total of 38 novel ncRNA candidates have been found
from Giardia cDNA library from a combined pool of 1192 sequences,
including the new and updated ncRNA sequences from the earlier study (Chen
et al. 2007). Among all 38 candidates, five have been characterized, including
three C/D-box snoRNAs, one H/ACA-box snoRNA, and RNase P (Chen et al.
2007). Table-1 summarizes information associated with the ncRNA candidates.
All candidates identified in this study are named GncR. The GC content of the
whole genome on average is 46.8%.

Table-1: ncRNA candidates from Giardia cDNA library

GncR Length | Giardia Start End Annotation Copy GC
candidate genome No. in | content
contig genome
GncR1 163 ctg02_1 834557 | 834395 | none 1 61%
GncR2 150 ctg02_11 93926 | 93777 | none 1 60%
GncR3 92 ctg02_9 223195 | 223104 | none 1 71%
GncR4 95 ctg02_6 75591 | 75497 | none 1 54%
GncR5 64 ctg02_17 151603 | 151666 | C/D-box snoRNA| 1 44%
GncR6 106 ctg02_22 85992 | 86097 | none 1 60%
5'-P/GIsR15sn0-3 1 52%
GncR7 121 ctg02_4 139696 | 139816 | fusion
GncR8 61 ctg02_57 42770 | 42710 | C/D-box snoRNA| 1 61%
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GncR9 114 ctg02_3 370386 | 370499 | none 1 59%
GncR11 42 ctg02_26 142067 | 142026 | none 1 50%
GncR12 136 ctg02_2 54704 | 54569 | none 1 52%
GncR13 65 ctg02_4 253747 | 253811 | C/D-box snoRNA| 1 38%
GncR14 | 87 ctg02_82 3835 3921 likely a U 1 57%
GncR15 60 ctg02_1 472843 | 472902 | none 1 45%
GncR16 70 ctg02_2 391655 | 391724 | none 7 56%

70 391877 | 391946

70 392099 | 392168

70 392321 | 392390

70 392542 | 392611

70 392764 | 392833

70 392986 | 393055
GncR17 140 ctg02_188 | 520 381 none 2 66%

140 769 630
GncR18 54 ctg02_11 123685 | 123738 | none 57%
GncR19 90 ctg02_34 44 133 none 4 53%

90 ctg02_3 470373 | 470284

90 ctg02_14 2025 2114

90 ctg02_13 254452 | 254363
GncR21 42 ctg02_4 98476 | 98435 | none 1 52%
GncR22 66 ctg02_5 59134 | 59199 | none 1 39%
GncR23 62 ctg02_24 26813 | 26752 | none 1 60%
GncR24 41 ctg02_21 66492 | 66532 | none 1 49%
GncR25 33 ctg02_9 223218 | 223186 | none 1 78%

none (has a poly 1 47%
GncR26 | 66 ctg02_4 314811 | 314746 | A tail)
GncR27 16 ctg02_17 56045 | 56030 | none 1 30%
GncR28 16 ctg02_54 4750 4765 none 1 56%
H/ACA-box 1 57%

GncR29 113 ctg02_29 40719 | 40831 | snoRNA
GncR30 80 ctg02_67 17501 | 17422 | none 1 51%
GncR31 60 ctg02_24 90239 | 90298 | none 1 57%
GncR32 71 ctg02_3 378369 | 378299 | none 1 59%
GncR33 136 ctg02_11 95569 | 95704 | none 1 59%
GncR34 72 ctg02_11 140521 | 140592 | none 1 38%
GncR35 86 ctg02_26 5389 5304 none 1 52%
GncR36 43 ctg02_14 199119 | 199161 | none 1 51%
GncR37 77 ctg02_22 154101 | 154177 | none 1 48%
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GncR38 | 96 ctg02_21 174660 | 174565 | none* 1 69%
GncR39 110 ctg02_1 43393 | 43284 | none 1 46%
GncR40 109 ctg02_47 24067 | 23959 | none 1 51%

Within these novel candidates, 13 out of 38 are located on the minus strands
of ORFs (GncR28-GncR40). This is consistent with the observation that
Giardia's transcribed sequences are rich in antisense transcripts (Elmendorf et
al. 2001a). Most of the candidates are transcribed as single copy genes located
between ORFs. Analysing the upstream elements and potential promoter
elements of known ncRNAs will aid characterising the unknowns. Therefore,
the upstream sequences (100nt) of previous identified tRNAs, snoRNAs and
RNase P have been pulled out from the genome database, and analyzed as three
types of upstream sequences. In addition, potential internal promoter elements

of tRNAs and other ncRNAs are also analysed. This is discussed next.

3.2.2 Analysis of potential promoter elements of characterised ncRNAs
from Giardia

Both RNA polymerase 1l (Pol 1l) and polymerase Il (Pol 1) are involved in
transcription of eukaryotic ncRNAs. Pol Il transcribes DNA encoding 5S
rRNA, tRNAs and other small RNAs of eukaryotes. However spliceosomal
snRNAs are transcribed by Pol Il except U6 snRNA. Compared with Pol Il,
Pol Il uses fewer regulatory proteins. In most organisms, transcription by Pol
[l does not require upstream promoter elements; instead, internal promoter
elements are recognised. Genes transcribed by Pol Ill can be divided into three
classes based on which transcriptional factor is involved in promoter element
recognition (Geiduschek and Kassavetis 2001). Class 1 genes (5S rRNA genes)
require direct promoter recognition by TFIIIA (Sakonju et al. 1980; Lee et al.
2006). Class 2 genes (tRNAs and other diverse other genes with similar
promoter elements) are recognized by TFIIIC (Galli et al. 1981); Class 3 genes
(U6 snRNAs, RNase P, MRP, 7SK) have a different promoter structure which
contains one essential upstream promoter element (PSE) and a dominant

upstream enhancer element (Kunkel and Pederson 1988; Jensen et al. 1998).

* In addition to the candidate GncR38, another 4 sequences exist in the genome and their
sequences are only differed from GncR38 by a few base-substitutions. It is not known whether
these polymorphic forms of GncR38 are transcribed.
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There is no 5S rRNA found iGiardia (Edlind and Chakraborty 1987), and
the presence of U6 snRNA is not certain. To date there are 44 tRNA genes
found in the genome ddiardia (McArthur et al. 2000; Morrison et al. 2007),
and the presence of RNase P has been confirmed (Marquez et al. 2005).
Therefore, it is possible to obtain useful information about Pol Il transcription
and hence help to predict Pol Ill transcribed ncRNAs by analysing their

internal promoter elements and upstream elements.

Internal promoters are the most distinct features of genes that are transcribed
by Pol Ill. Figure-4 shows the general model of the three types of Pol Ili
promoter structures and recognition of essential elements by Pol Il

transcription factors.

Figure-4 General Pal Il promoter structures in eukaryctes TFIIA, B, C are general
5S tRNA transcription factors of the
— TFHIIA
. Pollll system. They
I ! Box C
recognize specific
1A promoter elements and
BoxA BoxB .
Polll  ——  TFmC ‘ ' assist the core polymerase
I IIl. TFIIB is involved in
UG snRNA all three pathways, but is
Upstream enhancers TATA boxl—‘ . d . h . h
= Terminator associated with either
L~  TFHIB W’ ]
Ve TFIIA or TFIIC in the
{According to Geiduschek and Kassavetis 2001) firSt tWO pathways.
The best studied Pol Il polymerase frof cerevisiae contains a core

promoter consisting 17 genes, and three transcription factors: TFIIIA, TFIIIB,
and TFIIIC. These molecules constitute the essential Pol Ill transcription
apparatus (Geiduschek and Kassavetis 2001). Binding of TFIIIA and TFIIC
implies displacement of the core polymerase at each round of RNA synthesis,
but Pol Il promoters do not need to be newly marked for every successive
round of transcription; to increase the efficiency of transcription TFIIC places
the third initiation factor TFIIIB upstream of the transcription start site, and
TFIIB is able to repeatedly recruit the RNA polymerase to the promoter

(Kassavetis and Geiduschek 2006). In addition, TFIIC also interacts with a
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subunit common to Pol I, Pol 1l and Pol lll (Kassavetis and Geiduschek.2006)
Table-2 details the features of Pol Ill subunits. The publigkieddia Pol Il
transcription factor subunits are indicated BY.“The currently unidentified
subunits are indicated by “x”, and the possible subunits are also indicated.
Table-2: Transcription factors of eukaryotic RNA Pol Il system and whether

they have been identified in Giardia

Factors Components
Human S. cerevisiae Giardia

TFIIA hTFIIIA (9 zinc finger| Tfc2 (10 zinc fingern x
proteins) proteins)

TFIIB TBP TBP i
Brf/TFIIIB9O Brf Vv
BrfU/TFIIIB50 X
Brf2 X

Tfch x
TFIIIC Tfc3 (Box-B-binding | possible
subunit)
TFIIC-220/C20.  (Box-B- X
binding subunit)
TFIIC-102/C2y Tfc4 possible
TFIIC-63/C2¢ (Box-A- | Tfcl (Box-A-binding | possible
binding motif) motif)
TFIIC-110/C213 Tfc6 x
TFIIC-90/C26 Tfc8 x
Tfc7 x

Internal promoter elements generally show considerable degree of sequence
conservation. Flanking sequences upstream of the transcription start can also
affect the activity of many Pol Ill promoters (Geiduschek and Kassavetis 2001),
however, the precise sequences are normally not conserved even between
different Pol Ill regulated genes of the same organism. Nevertheless, certain
upstream elements are shown to be generally important. It has been shown that
a TATA-box like element located at 25-30nt upstream of tRNA genes in
insects is essential for tRNA transcription (Trivedi et al. 1999; Ouyang et al.
2000). TATA-boxes are also present in the promote&clufzosaccharomyces
pombe Pol Ill genes (Geiduschek and Kassavetis 2001). In the case of U6
SnNRNA transcription, the presence of a TATA-box determines transcription by
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Pol 1ll, whereas U2 which is transcribed by Pol Il does not havEAFBox
(Geiduschek and Kassavetis 2001).

For analysis of Pol Il promoters @iardia, the sequences of 44 tRNA genes
have been extracted from the genome database, and aligned by multiple
sequence alignment ClustalW. Results show potential Box-A and Box-B maotifs,
separated by 20-35nt (Figure-5). However, careful examination of the sequence
alignment by eye revealed that the 44 tRNA genes can be divided into two

separate groups based on their conserved sequence motifs (Figure-6).

Figure-5: Alignment of iRNAs from Giardia

The potential Box-A and Box-B motifs @iardia tRNAs are shown in the shaded areas.

The consensus sequence based on alignment is shown on top of the alignment.

Multiple sequence alignments show, that group-1 tRNAs (24 in total,
indicated by * in Figure-5) have a compact 12nt conserved motif
(GGGNNTCGAACCC, with one or two mismatches) near thertsls (Figure-

6) and a more dispersed motif near ther8ls (not shown). In contrast, group-
2 tRNAs (20 in total) have a more dispersed motif near tleads (not shown)
and a compact 13nt conserved motif (GGGTTCNANNCCC, with one or two

74



Chapter-3

mismatches) near the 8hds. Mapping the conserved motifs onto the tRNA
consensus structure reveals that two motifs correspond to the first and third
stem-loop respectively, as indicated by thick grey lines (Figure-6).

Figure-6: Highly conserved regions in group-1 and group-2 tRNAs from Giardia

Conserved motifs: GGGNNTCGAACCC GGGTTCNANNCCC

+ Majority

lI-l-l IJ" I

§' Majority TGCCCCCTGAGEE MTTCGM\CCT}C"-—--
| ?ll.- il

LRNA_Gly_11 TGCACCATGOG 1".“‘“,\&":3:«:_;._“(: SCAY ty 3
tRNA_Gly 21
LRNA_Gly 31

tRNA_Pro_1 1
tRNA_Fro_ 2 1
tRNA_Thr_1 1
TENA_Val_11
tRNA_Val_21 TG
tRMA_Val_3 1
tRNA_Ser 1 1
tENA_Ser_2 1
TENA_Ser 31
tENA_Arg_1 1
tRNA_Arg 3 1
tENA_Leu_2Z 1
tRNA_Leu_4 1
tENA_Leu_5 1 'JGC.DCG'"TG
tRNA_Phe 1 TGCCGRG
tRNA_Lys_2 1 CACCCCCTAGG
TENA_Lys_3 1 TACCGACGAGS
LRNMA_Asp_ 1 COCGCTCAC

TGCGOATGCOG

AT (. TCCh LRNA_ALa_1
ATCCTCCA LRNA_Ala_Z2
LENA_Mat 1
tRNA_Thr_2
ERNA_TLyrs_1
tRNA_ATg_2
tRNA_Met_2
1 LRNA_A=zn

tl%’\ln_ 1yr

LRNA_Gln_3
LRN&_ le_2
ERMA_Asp_1
LF!NF\,_Eis

tRNA_GLu_1
LRMA_Fro_32
LRNA_GLN

LRNA_Ser_4
CRNA_Ile 1
tRENA_Leu_1

LRNA_Leu 3
tBNA_Glu_2 1 CTCCGATGO
tRNA_GLn_2 1 CGGTTTCACCCGGAT:
tRNA_Cys 1  AGGGCCTGACS :
Group-1 tRNA Group-2 tRNA
3
5
3 1 1
3
Conserved motif Conserved motif in
5 in Group-1 tRNAs Group-2 tRNAs
2

The 5'-regions and the 3'-regions of Group-1 and Group-2 tRNAs aenslin
alignments, with shaded regions representing two motifs on Group-1 and LtBNAS

which are more conserved than the potential A-box and B-box respectively. The neotifs ar

then mapped onto the common structure of tRNAs, as shown by the thick grey lines.

The conserved motifs and their corresponding folds on tRNA structure
suggest an evolutionary divergence of the putative group-1 and group-2 tRNAs
of Giardia. It is noticed here that some tRNAs (for example tRNA_Gly and
tRNA_Ala), all the isoforms are either group-1 or group-2 tRNAs; whereas
other tRNAs (for example tRNA_Glu and tRNA_Leu), isoforms are found in
both group-1 and group-2 tRNAs. The pattern could mean a different
evolutionary history of these tRNAs, with some tRNAs evolved solely within
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one group and others diverged into two groups. However highly conserved
regions are only found in the first (group-1 tRNAS) or third stem-loop (group-2
tRNAS) regions but not in the second stem-loop where anticodons are located.
This pattern is expected because the loop of anticodon characterises each tRNA.
In all the highly conserved regions of group-1 and group-2 tRNAs shown here
are likely to be associated with tRNA transcription and evolution of tRNAs in

Giardia.

According to a genomic survey of transcriptional proteinSiardia genome

(Best et al. 2004), only 8 out of the 23 basal transcriptional factors of
eukaryotes are found iGiardia, and within the 8 transcription factors, only
two of the three subunits of TFIIIB: TBP (TATA-box binding protein) and Brf
(TBP related factor) are involved in Pol Il transcription (see Table-2).
Phylogenetic analysis showed th@tardia TBP is highly divergent with
respect to both archaeal and other eukaryotic TBPs, and contains substitutions
of key residues important for TATA-element binding (Best et al. 2004).
Therefore, it is likely that transcription initiation Gliardia’s Pol Il genes is
independent of TFIIIC and TFIIIA, and TATA-box binding Giardia TBP

may differ from the general mechanism found in model eukaryotes. Analysing
the upstream sequences of tRNAs shows that a number of tRNA upstream
sequences have an A/T-rich region located about 10 to 20 m Fe
transcription start sites (see Appendix-2), TBP is likely to be involved in tRNA
transcription. Lack of TFIIIC suggests that the potential internal promoter
elements ofGiardia tRNA are not essential in transcription, or recognition of
these elements may be associated with other yet unknown transcription factors.
However due to the long phylogenetic distanceGodrdia to other model
eukaryotes, the possibility of TFIIIC subunits existingGrardia cannot be
excluded.

Following the analysis of potential tRNA promoters, the upstream sequence
of RNase P was analysed. In eukaryotes, the RNase P promoter is similar to the
snRNA-type promoter, which has class-3 (Figure-4) basal promoter elements
(Baer et al. 1990). Efficient basal expression of SnRNAs requires a TATA-box

76



element between -30 to -25, which is the major determinant of Pol Il
specificity, and a proximal sequence element (PSE) located between -66 to -47,
which recruits a five-subunit protein complex known as SNAPc or PTF
(Kunkel and Pederson 1988). Activated transcription of ShRNA-type genes is
also associated with a distal sequence element (DSE), which normally locates
between -260 and -190 (Myslinski et al. 1993). However, transcription studies
showed that the sequence elements that are required for the transcription of
human and mouse RNase P genes lay entirely within 100b %he
transcription start site, with the PSE and TATA-box motifs absolutely required
in vivo (Myslinski et al. 2001). The upstream sequencé&iafdia RNase P
contains two A/T-elements, which are potential TATA-box-like elements, and
there are two G/A-elements located closer to the transcriptional start site. The
G/A-element is a short region near the putative transcription start site which
usually contains a “G” followed by three to eight “A”’s with occasional
insertion of a pyrimidine (Figure-7B). The potential G/A-element is also seen

in a number of snoRNAs in Giardia (see Figure-8).

As shown in Figure-7(C), the upstream sequences of humarGiandia

RNase P are rather conserved. Although the consensus pattern of this
alignment is different from the highly conserved alignment of human and
mouse RNase P upstream sequences, the evolutionary divergence between
human andGiardia makes it difficult to observe strongly conserved motifs.
However, the potential upstream elements: the A/T-element” and G/A-
element” seen in many ncRNAs froBiardia (discussed later) suggests their

possible functions as being binding sites for transcription factors such as TBP.
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Figure-7 : Comparison of RNase P upstream sequence elements from
Giardia and mammals

(A)
-100 -90 -80 -70 -60
human H1 AATATTTGCATG| TCGCTATGTGTTCTGGGAAA| TCACCATAAACGTGAAAT|

LA L B O ARKRAAAE AARAN AANRNAAE HRRR

mouse H1 CATGCAAATTACJGCGCTGTGCTTTGTGGGH&A'TCBCCCTBARCGTAALNT

-90 -80 =70 =60 =50
Octamer staf binding site PSE
-50 -40 =30 =20 -10 -1

human H1 GTCTTTGGATTTGGGAATCTTATAAGTTCTGTATGAGACCACTCTTTCCC
* kK hkk K e dek * ok * Ehk kE
mouse H1l TTATTCCTCTTTCGAGC.CTTATAGTGGCGGCCGGTCTACACCCTARA
-40 -30 =20 =10 -1
TATA element

(B)

(Myslinski et al. 2001)

Giardia_RNaseP_upstream_100nt:
GGGAGGAATGCCTGCAAACCGCCTTCTTAGCCATTGTACQTITAAATTIGTCC

AAATGCAACCAG|TTTAAATTICACATCACOGAAAAGATAGCCTEGAAAGA

AlT-element G/A-element

©
G ardi a GGGAGGAATGCCTGCAAACCGCCTTCTTAGCCATTGTACTTAAATTGTCC
Human — ------, AATATTTGCATGTCGCTATGTGTTCTGGGAAATC---ACCATAA

*kk  kkkk  kkk ok kK * * ok

G ardi a AAATGCAACCAGTTTAAATTCACATCACCGAAAAGATA-GCCTGGAAAGA
Human ACGTGAAATGTCTTTGGATTTGGGAATCTTATAAGTTCTGTATGAGACCA

* kk kk kkk kkk *k ok kkk ok ok kk Kk *

G ardia C------
Human  CTCTTTCCC

*

(A) Alignment of human and mouse RNase P upstream 100nt sequences. Theedg
regions contain the important Staf transcription factor binding region,pitbgimal
sequence element (PSE), and the “TATA-box”". (B) Upstream 100nt seqokGda dia
RNase P. The potential motifs A/T-element” and G/A-elemerd”iadicated in by rec
boxes and blue boxes respectively. (C) Alignment of human Giaddia RNase P

upstream 100nt sequences.

nse

The following describes potential upstream promoter elements in SnoRNAs.

Unlike many eukaryotes, where snoRNAs are either encoded as introns

(Selvamurugan et al. 1995) or polycistronic repeats (Dunbar et al. 2000; Brown
et al. 2001; Liang et al. 2002; Huang et al. 2004), the snoRNAs found in
Giardia to date seem to have their own and variable mechanisms of expression.

As described earlier (Chen et al. 2007), most of Giardia’'s snoRNAs are located

as single copies between protein-coding genes, and a few of them are located

on the minus strands of ORFs. This allows the possibility that either they are
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co-transcribed with adjacent protein-coding genes and subsequently digaved

a yet known mechanism, or they are transcribed separately by either Pol Il or
Pol Ill. How the transcription systems @iardia work is far from clear. The
promoter sequences of protein-coding gene<Giairdia are not very well
conserved. An early study on sev@rardia cytoskeleton genes (Holberton and
Marshall 1995) showed that none of the sequences appeared to have a TATA-
box. However they contained an A-rich element (CAAAAA/TA/CT), which
was similar to the hexamer-element (AAAAAT) of a TATA-less promoter in
mouse (Hariharan and Perry 1990). According to the information from the first
release ofSiardia genome database (McArthur et al. 2000), Gnardia Pol 1l
promoter contains two key upstream elements: the -20 to -35 promoter region
(CAAAAAJAT][TCIAGA[GT]TC[CT]GAA), and the -40 to -70 promoter
region (CAATTT). And also, the Pol Il transcription start site is rather strongly
conserved, and is marked by a poly-A region (AAT[TC]AAAAA). This
information on Pol Il promoter has remained the same in the new release of

Giardia genome (Morrison et al. 2007).

Following the above results, | analysed the upstream sequenc€&srdia
snoRNAs to search for potential promoter signals. Among the 25 snoRNAs
(Yang et al. 2005; Chen et al. 2007) studied here, three of them have Pol Il
promoter-like upstream sequence elements, eleven have upstream sequence
elements similar with RNase P, the remaining eleven do not show obvious
promoter signals. Examples of three categories of upstream sequences of
snoRNAs are shown in Figure-8. The first category of snoRNAs has Pol ll-like
upstream elements as shown by coloured boxes. The potential promoter
elements are characterised by sequence similarity with the consensus Pol I
promoter elements found in protein-coding genesGiardia. Although the
potential elements do not always match perfectly to the published consensus
sequences (Hariharan and Perry 1990; McArthur et al. 2000), the likelihood
that these snoRNAs are transcribed by Pol Il system is strengthened by the
presence of an A-rich region directly proceeding the putative transcription start

sites.
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Figure-8: Three categories of Giardia sSnoRNA upstream sequences

Category-1 : Possible Pol Il type promoter

#Upstream_GIsR1_C/D-box_snoRNA (Yang et al. 2005):
CGCCAGATTGTCTTAGCAAGCAGCTTTTGAGAAGCACTCAATGTAAATCATATGTTICAAAAAAGCAAATTAATTCCIGCTTCTGATTTCATATAAATTTCAA

& Upstream_GIsR2_C/D-box_snoRNA (Yang et al. 2005):
GCGAGACATGCTTTTTTGTCCTGACTCGGATTTTGTGCTGAATTTACATGTTGCTATTTATGAAACAAAGCTICACGCATACACAGGCTCCGGAAAAATAAA |

Category-2 : Possible Pol Il type promoter

& Upstream_GIsR8_C/D-box_snoRNA (Yang et al. 2005)

AGCATCTGGCGAGGAAATGTATTACGCCATAATGTGATIGAAAAGA] AQTTTAAAAATAGATTGTATITTAAATTICACTTTGCAGCTCACAGAAAAGEGGTT
& Upstream_GIsR19_H/ACA-box_snoRNA (Yang et al. 2005)
TTTCGGACATAAAGTAGCAGCAACCAAGGACTAACTAGCCCATGCTTCAGTACGCTCCTTd TATAAG GAACAAAAAHTTCTCTTTTCGTCA
#Upstream_GncR13_C/D-box_snoRNA (Chen et al. 2007)
TTTACTGCAAGTTACTAGGCAGCAAGTTCAAGTCTGGGAACCGAGATCGTTTCAAAAACGGIITIAAAAAGCTCCGAAGCAAAT AGAC
#Upstream_GncR29_H/ACA-box_snoRNA (Chen et al. 2007)

GGGGCAGCGGACATTTAACCTACGCACGGAATCTATAGATGTCTCCAGAATGAAAATTAAAA GATTGCTTCATGGCCG AAGAGAAAAAGA

Category-3 : No obvious signal of either Pol Il or Pol Il type promoter

#Upstream_GIsR20_H/ACA-box_snoRNA (Yang et al. 2005)
TAACAAAGTCCTCCATCTCTACGGCTGGGAACTCATGACTCAGAGTGATGTGTGCGTACGCCATCCAGTTTGATAGGGGGTTCTTTTCTTTTTGCCAAGTT
#Upstream_GIsR15_C/D-box_snoRNA (Yang et al. 2005)
GAGGAGGGCCTTGCCCGACTGAGAGTGCTCGCTGAAAGAGGCTGCGACGCGGGTTATTCAGTTCGATGCGCCCAGGCTGACGGTAGGACGCCTAACCC
& Upstream_GncR5_C/D-box_snoRNA (Chen et al. 2007)
GATTCCTCGACCCCCCTGGTAGGTATACTTTGTGCGGACTAGAAACGAACTAGAAAATCAGTAAAAAGGTCTTGAGCAAAACCAGTAAATTAAAAATGATTA

Possible -40 to -70 Pol I E] Possible -35 to -20 Pol Il |:| Possible Pol Il
promoter element promoter element transcription start signal

[[IPossible Pol 1l “A/T-element” [JPossible Pol Il “G/A-element”

The second category of sSnoRNAs has upstream elements similar with those of

RNase P as discussed before. These upstream sequences generally contain one

or two A/T-rich segments (as boxed in red in Figure-8) located before a G/A-

element. This category of snoRNAs is classified mainly on the presence of the

G/A-element, which appears to be more conserved than the A/T-element.

There is a third category of snoRNAs which do not have a consensus pattern of
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nucleotide sequence distribution as shown in Figure-8, where three examples
are given. The A-rich and T-rich regions highlighted by coloured lines suggest

that this category of snoRNAs may not be transcribed as single transcripts as
there is no signal of any consensus promoter elements. Therefore they may be

co-transcribed with adjacent ORFs.

To further test the likelihood of the combination of A/T-element and G/A-
element being specific upstream feature Gérdia Pol Il promoter, the

pattern (as shown below) of this combination was searched in the genome.

Sear chi ng nodel :

AlT-element: at least six nucleotides of only A and T
G/A-element: GA-[3 to 6 “A’s with one substitution o f “C”
allowed ]-AG

Additional restriction: the A/T-element locates at m ost 20nt

upstream of the G/A element.

This search revealed 993 sites matching this pattern in the genome, but this
estimation of the combination of A/T-element and G/A-element does not
necessarily reflect the number of possible Pol Il promoters inGilaedia
genome. To test the selectivity of the search model, the following permutation
test was applied. 10,000 synthetic DNA datasets of the same size as the entire
Giardia genome (11,192,215 bases) were generated and searched for matching
sites. Each dataset was produced by choosing bases randomly with
probabilities corresponding to their frequencies inGredia genome, leading
to sequences having nearly identical bases composition witlGithrelia
genome. The minimum, maximum and average match counts of the synthetic
datasets were 574, 766 and 675.2 respectively. The standard deviation was

2626 A hlstogram Pattern match counts in Giardia and simulated replicates

comparing the distribution 20

of synthetic dataset match !

—— Simulated replicates

counts to the match count z %] e Giardia contigs

. . L g
for the actual Giardia | %
L' .
. . 0 : ; : ‘
genome IS shown. This 550 650 750 850 950 1050

Score (number of matches)

figure clearly shows that the

81



number of matches found in the act@alardia genome is far above the
number expected by chance. The fact that the maximum match count across
10,000 synthetic dataset is less than 993 suggests that p<0.0001.

It is very likely that snoRNAs irGiardia are expressed through different
mechanisms with the possibility of being transcribed by either Pol Il or Pol 11l
transcription system, as well as being co-transcribed with adjacent protein-
coding genes. The Pol ll-like promoter elements seen in a few snoRNAs are
less conserved than the elements upstream to protein-coding genes, however
they still have recognizable patterns, suggesting that transcription of these
RNAs are less tightly regulated compared with protein-coding genes. The
putative Pol Ill promoter elements seen in RNase P and snoRNAs appear to be
more conserved than the putative Pol Il promoter elements of another small
group of snoRNAs. The conserved appearance of the A/T-element and G/A-
element are potential binding-sites for Pol Il transcription factors. Although
Giardia does not seem to have two of the three Pol Il basal transcription
factors (Best et al. 2004), TFIIIB alone may be sufficient to initiate Pol Il
transcription. It has been shown with a minimal RNA Pol Il transcription
system that Brf and TBP alone assemble Pol Il for transcription at a
significant level (Kassavetis et al. 1999). It has also been shown using a
TFIIC-less transcription system, that TFIIIB alone is sufficient to direct
efficient Pol 1l recycling on short (~100bp) Class Il genes (Ferrari et al. 2004).
Biochemical studies have shown that the TFIIIB subunit Brf and Bdp play
direct role in DNA melting at the transcriptional start (Kassavetis et al. 2003).
Therefore the A/T-element may be responsible for recruf@ragdia TFIIIB,
which acts to open the promoter DNA structure and recruit Pol IIl.

So far it is fairly likely that many ncRNAs froi@iardia are transcribed by
the Pol Il system, with a minority transcribed by Pol Il system. Of the three
classes of Pol lll genes known to date, the third type of Pol Ill genes are likely
to be the dominant type f@iardia’'s ncRNA genes, due to possibly lack of
TFIIA and TFIIC (see Table-2). Most characterised ncRNAs fi@Grardia
have A/T-elements upstream to the potential transcriptional start, which
indicates the importance of DNA melting, and TFIlIB recruiting in
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transcription initiation. Analysis of the upstream elements of aterised
NncRNAs from Giardia show a number of frequently appearing types of
sequences which, although they do not always obey a consensus pattern, may
be potential binding-sites for transcription factors. It is expected that newly
identified ncRNAs fromGiardia may strengthen the likelihood of these

potential upstream elements as being true promoter elements.

3.2.3 Analysis of the upstream sequences elements and internal sequence
elements of novel Giardia ncCRNAs

To further study the 33 uncharacterised novel ncRNA candidates from the
cDNA library, a 300nt upstream sequence of each ncRNA candidate was
pulled out from the genome and analysed based on the information drawn from
the characterised ncRNAs discussed above. 9 of the 38 sequences contain
upstream elements similar to that of RNase P, therefore are most likely to be
transcribed by Pol Il (Appendix-2). The rest do not show distinct upstream
sequence elements which may classify them as Pol Il genes or Pol Ill genes as
discussed above.

The 9 predicted Pol Il genes from the 38 ncRNA candidate genes all contain
the A/T-element which is a potential binding site @ardia TBP. Together
with the G/A-element found downstream to the A/T-element, the upstream
sequences of the 9 ncRNA candidates indicate a strong possibility that they
may be transcribed by Pol Ill. However, in general not all Pol Ill genes have
upstream promoter elements (see Figure-4). It is likely that some of the ncRNA
candidates are transcribed by different Pol [l mechanisms involving
recognition of internal promoter elements by Pol Il transcription factors that
have not been identified @iardia, and the possibility of being co-transcribed
with adjacent protein-coding genes is not excluded.

The sequences of internal promoter elements of Pol Ill genes are highly
variable. As mentioned before, There is little conservation even among
different types of Pol Ill genes of the same organism (Geiduschek and
Kassavetis 2001). However, within the same type of Pol Il genes, there can be
conserved sequence motifs (e. g. the potential internal promoter elements of
tRNAs from Giardia as discussed above). Unlike tRNAs, multiple sequence
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alignment cannot identify potential Pol Il internal promoter eeta from the
novel ncRNA candidates found in tkeardia cDNA library. Therefore, more
advanced motif finding algorithms were applied to search for potential internal
promoter elements within the novel ncRNA candidates. Analysis of all the
ncRNA candidates was done using the Gibbs Motif Samniplifsigorithms
(Neuwald et al. 1995). Results obtained by using two different searching
models based on eukaryotic default parameters from the web-server (which
allow five motifs to be searched for one sequence input) showed several
potential transcription factor binding sites which share distinct sequence
homology. This procedure and results are described in more detail below.

Firstly, all novel ncRNA candidates were analysed using the Gibbs Motif
Sampler (Neuwald et al. 1995), which begins with an alignment of motifs
randomly spread throughout the sequences. The algorithm starts at the very
first position in the long, concatenation of all sequences and checks to see if the
position is a possible motif start site. Running the Motif Sampler gave 4
distinct potential motifs; each was shared among a number of sequences. The
result is shown in Table-3a. As a comparison and control, 20 Giardia snoRNAs
(Yang et al. 2005) were analysed using the Gibbs Motif Sampler, and the
results showed two distinct motifs shared by a number of sSnoRNA sequences,
as shown in Table-3b. As expected, the alignment of the two motifs contained
the conserved C-box and D-box.

Second, all novel ncRNA candidates were analysed by the Gibbs Recursive
Sampler (Thompson et al. 2003), which uses recursive sums over all possible
alignments from 0 to a maximum in a sequence, to obtain Bayesian inferences
on the number of sites for each motif and the total number of sites in each
sequence. Results indicate the presence of another potential motif (Table-3c),
but here is limited consensus information observed across the majority of the
novel ncRNA candidates as shown in Table-3c. However, more conserved
sequence motifs are observed among smaller groups of sequences as shown in
Table-3a. These sequence motifs might either serve as transcription factor
binding sites if these ncRNAs @iardia are transcribed by Pol Ill or, on the
other hand, these sequence motifs may also indicate yet unknown functions
such as binding to certain protein factors.

* Gibbs Motif Sampler: http://bayesweb.wadsworth.org/gibbs/gibbs.html
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Table-3: Sequence motifs in novel ncRNA candidates and 20 snoRNAs from Giardia

a) Sequence motifs within the novel ncRNA candidates (GncRs from this study) analysed by Gibbs Motif Sampler

Motif
number | Motif information
Sequence | Start End
name position | position | Motif alignnment Consensus

1 GncR2 98 108 atggt TGCAGGACAAG cttag
GncR9 19 29 ggaga TGCTGGACACG gcttt )

GnecR33 | 14 24 taaca TGCTTGCCACG gegte | | 01 22CA
GncR38 17 27 tccag TGCTGGCCAGG ggcaa | o
GncR1 136 145 gcggg GAAGCCCTGC ggege

GncR14 17 26 aagag GCAGGCATGC aggat

2 GncR17 30 39 ccggc GAAGGTCTGC aagtg S G = .'EQT C
GncR19 81 90 ggcat GCAGCCCTGC Do bl s
GncR32 56 65 gcttc GCAGCTCTAC gggcg
GncR35 47 56 aactt GAAGCTCTGA tcggg
GncR39 41 50 cttaa GAACCTCTGC ttcta

3 GncR9 45 54 cccac CGGAGCACAT atgct ]

GnecR21 | 16 25 ctggc CGGAGCACAT ttgtg CLCACCACAT,
GncR2 79 88 agccg CCACACTGAC agtta ’

4 GNnCcR7 8 17 tgcgc CCAGGCTGAC ggtag CCA CT AC
GncR17 12 21 ataga CCAGGCTGCC agccc 2ot i Rt o
GncR18 3 12 ta CCACTCTGAC cgtga
GncR30 53 62 cttgc CCAGTCTGCC tccat
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b) Sequence motifs within 20 snoRNAs (GIsRs: by Yang et al. 2005) from Giardia analysed by Gibbs Motif Sampler

Motif

number Motif information
Sequence| Start End
name position | position | Motif alignment Consensus
GIsR4 26 38 cgccg CCCCAGTCTGACC cctga
GIsR5 75 87 caagc CAACCGGCTGAGC tc

1 GIsR7 46 58 ctcat AGTTACTCTGAGC gg :

GIsR8 58 70 accgc CTTTCGTCTGACC
GIsR13 |55 67 acggc CGCCCGTCTTACC ttgtg C - CTCT ; ACC
GIsR13 | 88 100 tctta CAATGCTCTGACC ’ T el
GIsR16 | 63 75 cgcat CACCGCTCTGACC tt
GIsR17 25 37 taatg CGCTTCTTTGAGC cgcgg
GlIsR1 23 35 gaggc AGATGATGACTTT gcgac
GIsR4 6 18 tgtct CCATGACGAGAAT tacgc
GIsR5 10 22 aaaag CTGTGATGACAGG ttctt
GIsR7 4 16 ccg CGATGATTACCGA atcac :

2 GIsR9 51 63 ttgca CGCTGATGAGTGA aagca H T AT A
GIsR10 |2 14 a GAATGATGAGACG tgttc S 2NNLTG . =
GIsR11 |3 15 gg CGGTGATTAGGCT gcgtg ' -
GIsR14 |1 13 AAATGATGACAAT gcgca
GIsR16 6 18 taaaa CTATGATGAGGTT agcga
GIsR20 | 86 98 gatct GGGTGATTAGCAG tcata
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c) Sequence motifs within the novel ncRNA candidates analysed by Gibbs Recursive Sampler

Motif number

Motif information

Sequence Start End

name position position Motif alignment Consensus

GncR2 17 26 cgggc  AGAAAGTGCEytce

GncR3 18 27 cggac AGCCGGAGGC cggag

GncR4 3 12 ct AGGCTGAAGC tgcca

GncR5 38 a7 tcttt AGACTGCTGA gacag

GncR6 31 40 gttca AGCCAGGTCC aagac

GncR7 40 49 gattc AGACTACTCC ttggt

GncR12 85 94 ctgtg AGGCAGCTGC cagga

GncR12 96 105 ctgcc AGGATGGTCC tgcce

GncR13 14 23 aatga AGACAGAACC acaga

GncR14 9 18 cctag AGGAAGAGGC aggca

GncR14 64 73 gcagc AGAGAGTGGC cacgc

GncR16 15 24 agaaa AGACGCGTGC gaggc | -

GncR16 26 35 gtgcg AGGCGGTTGC caaca A C
GncR16 62 71 gctgc AGAATGCGGC JANWEXSL =Y
GncR17 51 60 gacgg AGACAATGGC tacac “"
GncR17 89 98 cacca AGGCGGCTCC tgaca

GncR18 17 26 ccgtg AGGCGCATGC ctagg

GncR24 1 10 AGACAGAAGT agagc

GncR25 6 15 cgcgg AGGCAGGGGC cggec

GncR29 10 19 aagca AGGCTAGAGC catgg

GncR29 73 82 aagga AGGATGTGGA tctcc

GncR31 6 15 ggcgc AGACAACAGC aagag

GncR32 27 36 gcaaa AGCCAGAAGC ccqgtt

GncR33 67 76 tggcg AGGATGAGGA tggga

GncR35 27 36 tctca AGGAAGGGGC ccctc

GncR36 13 22 acgtc AGGAAGGAGC ctaga
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3.2.4 Blymerase lll transcription factors of Giardia

The Pol Il transcription system @iardia is not well understood. To date
TBP and Brf are the only Pol Ill basal transcription factors that have been
identified in Giardia through sequence homology search (Best et al. 2004). The
results from the analysis of upstream and internal sequencé&aodia
NcRNAs suggest the possibility of more Pol Il transcription factors which are

involved in recognition of potential upstream and internal sequence elements.

There is no published evidence for aBiardia homologues of TFIIIA or
TFIIC (Best et al. 2004), and due to lacking the 5S rRNA, it is likely that
TFIIA is not present inGiardia. However, the potential internal promoter
elements (Box-A and Box-B) of tRNAs suggest the presence of TFIIIC-like
transcription factors. In model organisms such as human and yeast, TFIIIC
binds DNA, and more importantly recruits TFIIIB through its interactions with
Brf (Chaussivert et al. 1995). Baccharomyces cerevisiae, the largest subunit
of TFIIC complex scTfc4 is the key component recruiting TFIIIB (Rameau et
al. 1994; Chaussivert et al. 1995). scTfc4 has eleven tetratricopeptide repeat
(TPR)* motifs, which mediate protein-protein interactions (Marck et al. 1993).
The human homologue of scTfc4 hTFIIIC-102 also has eleven TPR domains in
its primary sequence, and binds to hBrf through the TPR domains, and both
human and yeast proteins contain a helix-loop-helix domain cooperating DNA
binding (Geiduschek and Kassavetis 2001). Searching the sequences of
predicted ORFs ofGiardia (downloaded from http://gmod.mbl.edu) using
Hidden-Markov-Model-based software (HMMer-2.3.2) has revealed a number
of TPR-rich proteins. Searching for potential basic helix-loop-helix (HLH)
DNA-binding domain in these proteins did not find strong hits (E<0.001),
however, several proteins aligned weakly (indicated by E values) to the
HMMer alignment generated from 175 seed sequences (Pfam 21.0: HLH) As
seen from the results shown in Table-4, it is unlikely @iatdia has a distinct
homologue to scTfc4 and hTFIIIC-102, although a number of TPR-containing
proteins (Orf-27310, Orf-16287, Orf-15549, Orf 16226) can be potential

* tetratricopeptide repeat (TPR): The TPR motif consists of 3 to 16 tandem repeats of 34 amino
acids residues, and mediates protein-protein interactions and the assembly of multiprotein
complexes (InterPro entry: IPR001440).
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candidates of TFIIIC components. Given the distant relatioBiafdia with

the model organisms, it is perhaps more likely tiiaardia’'s protein

components of the TFIIIC complex are highly diverged, and therefore hard to

identify through current bioinformatic approaches.

Table-4: HMM search for potential TFIIIC protein components in Giardia

No. of
TPR HMMer
ORF No. | Annotation from Giardia genome motif HLH E value
16934 Tetratricopeptide repeat family protein 15 X
similar to transformation-sensitive  prote
27310 homolog [Acanthamoeba castellanii] 9 0.42
UDP-N-acetylglucosamine--peptide N
12081 acetylglucosaminyltransferase 110 kDa subuni{ 8 X
similar to Tg737 protein, isoform 1 [Hom
16660 sapiens] 9 X
2198 serine/threonine protein phosphatase 3 X
DJC7_HUMANDnNnaJ homolog subfamily
15148 member 7 (Tetratricopeptide repeat protein 2) | 4 X
21498 TPR repeat 3 X
similar to ENSANGP00000002840 [Ap
21971 mellifera] 4 X
similar to unnamed protein product [Tetraod
10529 nigroviridis] 6 X
similar to LOC394994 protein [Xenopl
7287 tropicalis] 3 X
similar to outer arm dynein binding prote
16287 [Anthocidaris crassispina] 5 0.22
similar to RIKEN cDNA 4930506L13 [Rattu
87202 norvegicus] 4 X
similar to TTC8 HUMANTetratricopeptid
8508 repeat protein 8 4 X
similar to kinesin light chain [Methanosarcir
11177 acetivorans C2A] 4 X
15549 hypothetical protein 4 0.29
7639 TPR domain protein 3 X
5949 putative tetratricopeptide repeat protein 2 X
28657 TPR repeat 3 X
113023 Hypothetical Protein 5 X
similar to Suppression of tumorigenicity
9594 [Gallus gallus] 2 X
16375 hypothetical protein 4 X
similar to ENSANGP00000027263 [Anophel
17624 gambiae str. PEST] 3 X
16226 Hypothetical Protein 3 0.3

(Potential absence of HLH domain is determined by an E-valu¢hi@s<.5, indicated by

%)

In addition to the eukaryotic general Pol lll transcription factors TFIIIA,

TFIIC and TFIIIB, the special promoter structure of Class-3 genes with their
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upstream promoter elements (PSE and DSE) require additional ipénscr
factors. The basal transcription factor SNAPcCRNA activating potein
complex) binds specifically to PSE (Murphy et al. 1992) of shRNA gene
promoters. In Pol lll snRNA promoters, PSE functions in concert with the
TATA-box to direct a low level of transcription, thus SNAPc together with
TBP nucleates an assembly of an Pol Il initiation complex (Henry et al. 1998).
SNAPc constitutes a direct target for the transcription factor Oct-1 (containing
octamer-binding domain), which is a POU-dorfagmotein (Herr et al. 1988),
binds cooperatively with SNAPc to the DNA through interaction with DSE .
In addition, another transcription factor Staf, originally identifiecX@mopus

and a later identified highly conserved human homologue, ZNF143/SBF are
seven zinc-finger (&, — two cysteines and two histidines) proteins, which
bind to varied upstream sequences of U6 snRNA and some tRNAs (Schaub et
al. 1997; Myslinski et al. 1998; Schaub et al. 1999).

POU proteins are eukaryotic transcription factors containing a bipartite DNA-
binding domain known as the POU domain (Sturm and Herr 1988). POU-
domain proteins have been identified in animals, but not yet in plants and fungi
(Herr et al. 1988; Petryniak et al. 1990; Verrijzer and Van der Vliet 1993). The
POU domain is composed of two subunits, a POU-specific N-terminal subunit
and the C-terminal homeobox subunit, separated by a non-conserved region of
15-55 aa (Verrijzer and Van der Vliet 1993). Both subdomains contain the
“helix-turn-helix” structural motif, and are required for high-affinity DNA
binding and protein-protein interaction (Klemm et al. 1994). Zinc-finger
proteins are a major type of DNA-binding proteins, first identifieXXeénopus
transcription factor TFIIIA (Miller et al. 1985). A 8, zinc-finger domain
contains 2 conserved Cys and 2 conserved His residues, and the 12 residues
separating the second Cys and the first His are mainly polar and basic,
implicating this region in nucleic acid binding (Rosenfeld and Margalit 1993).
The zinc-finger motif is a small self-folding domain in which Zn is a crucial
component of its tertiary structure; the zinc-finger motif interacts with DNA in
the major groove, and the Zn binds to the conserved Cys and His residues

* POU domain: a bipartite DNA-binding domain (InterPro entry: IPR013847)
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(Berg 1988; Lu et al. 2003; Simpson et al. 2003). The structure ofinger f

and its interaction with DNA are shown in Figure-9. It has been suggested that
zinc-fingers may represent the original nucleic acid binding domain as they
have the ability to bind to both RNA and DNA (Rosenfeld and Margalit 1993;
Lu et al. 2003).

Figure-9 : The structure of zinc finger and its interaction with DNA Since Giardia is highly

reduced and diverged from
vertebrates and other
general model organisms,
lower similarity between

Giardia's proteins and

Cys His
C Jal D
Zn\
Cys/ His\\

C,H, zinc finger Zinc finger and DNA complex

those of other organism is

expected. Searching for

the POU domain using Pfam POU-domain alignmenGiardia’'s ORFs did

not identify significant hits, but by using Pfam zinc-finger-domain alignment |
have found a number of,B,-zinc-finger-domain containing protein sequences.
The output of zinc-finger-domain search appliedGmardia contains two
subunits of the RNA polymerase system, two splicing related factors and a
putative reverse transcriptase. The rest of the output mainly contains
uncharacterized zinc-finger-domain proteins, among which there may be
potential transcription factors (as shown in Table-5).

Table-5: Putative gH; Zinc finger-containing proteins from Giardia:

ORF number | Annotation No. of putative zinc finger domains| E value
17003 Zinc finger domain | 5 3.4e-19
13007 Zinc finger domain | 4 1.1e-8
14069 Hypothetical protein 2 5.4e-5
8920 Zinc finger domain | 1 0.0015
4343 Zinc finger domain | 3 0.012
27035 Hypothetical protein 1 0.039
19815 Hypothetical protein 1 0.061
8405 Hypothetical protein 3 0.063
3763 Protein 21.4 1 0.13
5822 Hypothetical protein 1 0.22
16877 Zinc finger domain | 1 0.3
14119 Zinc finger domain | 1 0.93
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3.2.5 Structural analysis of uncharacterized novel ncRNA candidates
Characterization of ncRNAs based on sequence similarity often encounters
major difficulties, as functions of most ncRNAs are determined primarily by
their structures. Like proteins, ncRNAs with similar functions may not share
extensive sequence similarities; however they can generally fold into similar
structures. Therefore, it is very important to study the folding of ncRNASs in
order to determine their functions and classify different types of ncRNAs.
Structural prediction is a major method of characterising newly found ncRNAs.
Until recently a number of reliable computational methods (Lowe and Eddy
1997; Lowe and Eddy 1999; Eddy 2002; Klein and Eddy 2003) for
identification of NncRNAs are still based on sequence motif similarity search,

which does not work on previously unknown types of ncRNAs.

A number of computational methods have been developed to fold a single
RNA sequence (Hofacker 2003; Mathews et al. 2004); however,
computationally predicted structures are often different from the true structures
in vivo, because the folding of RNAs in the cell is usually associated with
protein-cofactor binding and different metal ion associations. These variable
conditions are hard to simulate. The structures of ncRNAs can more reliably be
determined from a set of phylogenetically or functionally related ncRNA
sequences through structural alignment. The evolution of structured RNAs has
a unique property that substitutions of distant bases are correlated to retain the
conserved stem structures. The Sankoff algorithm (Sankoff 1985) is a multiple
alignment algorithm that includes the effect of base-pair correlation. Practical
variations of the Sankoff algorithm have been intensively investigated in recent
years and resulted in a number of algorithifise first group of algorithms
score the structures using the free energy parameters, which give accurate
structural predictions but with very high computational cost. These include
programmes such as Dynalign (Mathews and Turner 2002) and Foldalign
(Havgaard et al. 2005; Kiryu et al. 2007; Torarinsson et al. 2007). The second
group of algorithms use a probabilistic model called the pair stochastic context-
free grammar (PSCFG), which has the advantage of relatively low

computational cost; however the accuracies of structural predictions are only
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moderate. This group includes programmes such as Consan (Dowell and Eddy
2006)and Stemloc (Holmes 2005).

As a first test, three ncRNA candidates with high GC-content (above 65% as
indicated in Table-1) are aligned using the newly improved multiple structural
alignment programme FoldalignM (Torarinsson et al. 2007) and a recently
developed multiple alignment programme Murlet (Kiryu et al. 2007). The
structures here are all shown in brackets annotation, which is a format widely
used in computing RNA structures. Figure-10 shows an example of tRNA-

folding using brackets annotation.

Figure-10 : Example of brackets annotation of an RNA structure
Giardia tRNA for Valine:

Brackets annotation:
UGCUUCCGGUGGGGAUCGAACCCACAGCCUUCGCAACGUAAAUGCGACGCGCUAAC

N(((@(C((((ermy)))) e () R (e
Helix-1 Helix-2 Helix-3 Helix-4

CAUUGCGCCACGAAAGC 5
-))))--))-)))) (-23.60)
Helix-4’ Helix-1’

“( )": double-stranded helix

“.”: loop

Results (Figure-11) show considerable degree of structural conservation
among the three sequences tested. The individual structures of all
uncharacterized novel ncRNA candidates in this study are shown in Appendix-

2 with annotation in both brackets and graphical annotations.
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Figure-11: Comparison of two recent multiple alignment programmes us
Giardia ndRNA candidates

a) Test alignment of three ncRNA candidates using FoldalignM

GncR17 GAGGTAATAGACCAGGCTGCCAGCCCGGCGAAGGTCTGGARGTAGACAATGGCTACACGCTCCAGG
GNERLT oo (o DL Do I--(C..e

GNER3 CTTCAA-CTCAGCCGGACAG-—--CCGGAGGCCG-G-AGACGAGCACGGTCAGGCGGGCGGGGTGCAGT
(TS I (((((O— (@) (R, M-

GNCR38 ------CCCACCGGCGTTCCAGTGCTGGCCAGGGGC-AAGGEGEGC-TCTCCCTGG-CCTCTGCGGAAA

T3 L R O (U W () (8 ()

GncR17 GCGACGCGTGCACCAAGGCGGCTCCTGACAACGCGTGCDAGABACCGCCGGGTGTGCCAC

GNCR17 ) D))o YR (((e((() ))BEN)) D Bews
GNCR3 GCCAGCCCCmrmmemmmmmmmememene AG--CCGCAGAG CG-G-C--T---—-—-TCCTTA

IR —— () D)
GncR38 CGG--------m-mmmmmmmmee G--CAGCTG--CGTGATCC ACTGAC--AGCC-----ACCAC

GNOR8 ))-wreromreroeerone () D)) I

b) Test alignment of three ncRNA candidates using Murlet

GncR3 CUU....CAACUCAGCCGGACAGC......CGGAGGC.. ... C.GGAGACG....GA

GncR17  GAGGUAAUAGACCAGGCUGCCAGCC.CGG.CGAAGGIBTAAGUGUGACGGAGACAAUGGCU
GncR38  CC.....C. ACCGGCGUUCCAGUGCUGGCCAGGGGC.. ......... AAGGAGGC.....CU

#=GC SS_cons ........... LKL e, <D

GncR3 GCACGGUC.AGGCGGGCGGGGUGCA....GUGCC.... ..AG..CCC..CAGCCGCAGAG.

GncR17 ACACGCUCCAGGGCGACGC.GUGCACCAAGGCGGCUEBATAACGCGUGCCAGACCCUGGGA
GncR38 GCUCUCCC.UGGCCUCUGCGG.AAAC..GGGCAGC.... ... UG..CGU..GAUCCACUGA..

#=GC SS_cons .............. <LKl BB 0000 oooocooosooocscos >>>>>.,

GncR3 .CGGC.....UUCCUUA
GncR17  ACCGCCGGGUGUGCCAC
GncR38 .CAGC.....CA.CCAC
#=GC SS_cons .......c.c.......

The test results show that using the same dataset, FoldalignM and Murlet give

ng

very different output. FoldalignM performs pair-wise alignment of all the input

sequences and combines the results to give the final output, and it gives more
detailed structural prediction of each sequence. On the other hand, Murlet does
progressive alignment and gives the highest consensus structure of all the input
sequences. However, running FoldalignM requires extremely high amount of

computer memory. In order to run FoldalignM for more than three sequences,

all-against-all pair-wise alignments were done using Foldalign 2.0.3.
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First, all candidates were aligned globally pair-wise usiolgl&ign 2.0.3.
Global alignments show that most of the pair-wise alignments have overall
identities between 30% and 40%, with the highest of 51% and lowest of 6%.
Through careful analysis, it has been noticed that all pairs of sequences except
GncR33 and GncR39 are interlinked by similarities above 40%. However,
further analysis showed that some ncRNA candidates can be grouped together
so that within each group, three or more sequences share overall similarities
above 40%. Multiple structural alignments were performed for these groups of

sequences and results are shown in (Appendix-2).

In addition to the potential groups of ncRNAs obtained solely by structural
alignment, it was expected that the ncRNA candidates that share similar
sequence motifs would fold in to similar structures. To test this, sequences that
share potential sequence motifs (Table-3a) were aligned by FoldalignM.
Results are shown in Figure-12. The overall structural identities are higher than
average identities observed for all-against-all pair-wise alignments of ncRNA
candidates. These results suggest that sequence and structural similarities can
be linked in classification of new ncRNAs, and the ncRNAs sharing similar

sequence motifs and structures may be considered as one type.

Figure-12: Multiple structural alignments of ncRNA candidates that share

potential sequence motifs

a) Groupl based on motif:

GncR2 TCCCTGGGCGTCGGGCAGAAAGTGCCGGTCCTCTGGATRATEESE CTGGTGCCGATCGGACACTCCCTAGC
(TSI (O W (O (O )) ) I @) e

GNCR33 T-GTAGGTCT-AAC--AT---GCTTGCCACGGC-GT--CCC  C-GGACATGGCACCGTCTATGTCCTGCTTGTT
GnER33 (.o ))=(C== (- )))) (Q(((((=m)))))) HReen

GNCR38 CCCAC------n-- CG----GCGTTCCAGTGC-TGGCCAG  --GGGCAAGGAG---GCCT-GCTC -

[Tt : R — ()5 SO 5Y)) N—

GNCcRY  TGGACG---ATGAACT-GGAGATGCTG-GACACGGCTT--TG-TCTC-CCACCGGA-GCA--CATATGCTGCAGG

GncR9 ... e (G (@ (CEM))D)) SRn))) I ((

GncR2 CGCCACACTGACAGTTATGGTTGCAGGACAAGCTTAGCGEBGETATTCGACAGGGATACTCTACAGCGTTCC
GNERZ (oo (LI (L 55)))) D5)) B0)16))

GncR33 GGCGA---GGATGAGGATGGGAACACC-TGAGCTTGGGGAGINACGCCCTCAAGAGCCGTCCGAGCCTCCT
GNER33. (o (- (- M (L 55)))) D)) B0 1))

GncR38 ----TCCCTGGCCTCTGCGGAAACGGG---CAGCT-GC-G-TGA-CCACTGAC-AGC------ CA-----CCAC

GNER38. ~-==..o (e (- M- (((((C ) DD ) S S—

GncR9 A-TGACCG--GCGCCTG-TCTC---CCACCACGTG-C-CA-GCTAA-ACTGCAG-C------=-=---- CACATT

GNCRY (oo )))) )Mo ) (- 1)) ) Fe—
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b) Group2 based on motif:

GncR1 TTCGGGATCAGTTTTGGAGTTAATACCACCAAACCCCTGTGABEACGCCCCCTAACCTTCTGATGCGGATACCTT
LeTalei=E T (O (R (O VoG ) JO0 JOOOTT OO (( (o

GNCR14 ---GCT-----CCTAGAGGAA----GAG------G-CAGG CRVAT (S S AGGATATTTTT---G

[CToTeI = /R (— Gppppp— ) —— ) N S (o

GNCR17 GA--GG---TAATAGACCAGGCTGCCAGCCCGGCGAAGGTCAGGTGTGACGGAGACAATGGCTACACGCTCCAG-
GNER17 (= (oo Crnn)))-) D) MM (.

GNCR19 ----CA-—--GAAGAATGCCA-GCAAGTCATGC---AATG-CC  TG-T-wrememememeee GG-ATCC-GTCCTT---C

GNER19. ~-(((.- (- (L)) ) D)R((EE

GNCR32 ACACAAA-—rmmmmmrmmrmmeemeemememcee e AG-GTG---AGC----GCGTAAGCAAAA

G C 3 T — (= (===

GNCR35 AC-GGGAATAAC--G---CC--CACAGGATCTCA--AGG---  AAGG----m-memememv GG--CCCCTCAAC----T
GNCR35 ..(((orreermm(o(-—orrrrn (o)) wecrmmmmme ) I (e

GNCR39 TGTGCCAC----mwmemeon TGT-G-GCTTC----GAGCTCT AT-AATGCGCGACT-TAAGAACC--TCTGCTTCT--A
[CTolei =i L —— ((CC=))-) D) I (E (O (=

GncR1 CCGCAGGGCCGTTAAGCGAGGCTTGGCCCGTGCGACGATGBGBECGGGGAAGCCCTGCGGCGCGTCTTAAG
[STIE=E )Y WO (((A5))))))) NN () N—

GNCR14 GATGGACAG---CCCTCAT-AAGGGCAGC------m-m-mx- AG  AGAGTGGCCACGC--AGGCTGCx-mrmemememe AC
GncR14 )))).... (=== ((((.-.=-)N)))--=--=-=-==- .. () s -.

GNcR17 GCG--ACGCG--TGCACCAA-GGCGGCTCCTGACAACGCGRGACCCTGGGAACC-GCC-GGG----- TGTGCCAC
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3.3 Conclusion

Various studies have identified ncRNAs @iardia, including 3 rRNAs
(Edlind and Chakraborty 1987), 44 tRNAs (McArthur et al. 2000), 28
snoRNAs (Yang et al. 2005; Luo et al. 2006; Chen et al. 2007), RNase P
(Marquez et al. 2005), U5 snRNA (Collins et al. 2003), and 33 novel ncRNAs
of unknown types (this study). Compared with other eukaryotes, the number of
known Giardia ncRNAs is yet small, and searching for ShRNAs fiGrardia
has encountered obstacles. At present constructing cDNA libraries is one of the
most efficient ways to uncover previously unknown ncRNAs on a large scale,
and this method has been applied to many organisms including bacteria and
eukaryotes. 38 ncRNAs have been identified in Giardia ncRNA library,
including four new snoRNAs. However, the long phylogenetic distance
betweenGiardia and other eukaryotes leads to difficulties in characterising the
novel ncRNA candidates. Structural analysis provides useful information for

classifying unknown ncRNAs that are potentially of the same type.

Gene transcription and regulation @Giardia is not well understood. The
upstream elements of the Pol Il transcription system have roughly conserved
sequences. However the Pol Il transcription system appears to have more
flexible upstream sequence elements. By analyzing the upstream sequences of
various NncRNAs fronGiardia, several potential Pol 11l upstream and internal
elements have been observed especially for tRNAs. Results from the present
analysis suggest the possibility that many ncRNAsGiardia may be
transcribed by RNA Pol Ill. However it does not exclude the possibility that a
number of the ncRNAs are co-transcribed with adjacent protein-coding genes.

In conclusion, our size-fractionated cDNA library Gfardia provided an
overview of the various types of ncRNAs within this organism although most
of the uncovered ncRNAs are not yet functionally characterized. The presence
of many unknown ncRNAs suggests that there may be unusual RNA involved
mechanisms ilGiardia. Comparing the knowiardia ncRNAs with those of
the higher eukaryotes has shown that the central RNA-processing pathway,
which involves the well-studied snoRNAs, snRNAs, RNase P and microRNAs,
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has evolved during early eukaryotic evolution. Although some key ncRNAs
(such as the spliceosomal snRNAs and microRNAs) have not been thoroughly
studied inGiardia, they are highly likely to be present, because the protein
Dicer is present (Macrae et al. 2006). Comparing the ncRNAs Giardia

with those from other deep-branching eukaryotes will help understand the
overall RNA processing during early eukaryotic evolution. However,

information on ncRNAs in these organisms is still even more limited.

Studies of ncRNAs from deep-branching eukaryotes provide insights into the
evolution of ncRNAs as important components of the cellular machinery. It is
likely that the types of ncRNAs in deep-branching organisms differ from those
in higher eukaryotes, although the divergence of eukaryotes brings major
difficulties for characterization of novel ncRNAs identified from deep-
branching eukaryotes. More studies on different deep-branching eukaryotes
(e.g. other protists) will help understanding the conservation and changes of
NcRNAs during eukaryotic evolution. At this stage, the analysis of novel
NcRNAs from Giardia has shown that the major types of ncRNAs present
through out eukaryotic species, and the presencaartlia-specific ncRNAs
is highly likely.
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Chapter-Four: Studies of the major spliceosomal ShkN

in Giardia

Abstract

Pre-mRNA splicing is one of the most important RNA-processing mechanisms in
eukaryotes. Splicing is mostly catalysed by a macromolecular complex — the major
spliceosome which consists of five uridine-rich small nuclear RNAs (U-snRNAs) and over
200 proteins. Three major spliceosomal introns have been found experimentally in Giardia.
One Giardia U-snRNA (U5) and a number of spliceosomal proteins have also been
identified. However the other U-snRNAs Gfardia have not been found previously due
to expected low sequence similarity between @iardia ncRNAs and those of other
eukaryotes. This chapter describes my studies on searching for the other four spliceosomal
U-snRNAs in Giardia plus the analysis of th&iardia homologue of a prominent
spliceosomal protein Prp8 protein. Using two computational methods, candidates for
Giardia U1, U2, U4 and U6 snRNAs were identified. Expression of these candidates was
confirmed by RT-PCR. Secondary structural modelling of thegsdia U-snRNA
candidates revealed typical features of eukaryotic U-snRNAs. In addition to the
identification of Giardia U-snRNA candidates, one central protein component of the
spliceosome Prp8 protein was analysed. Computational analysis revealed putative
functional domains within th&iardia Prp8 protein, and a small scale biochemical study
was done to test potential RNA-binding properties of the putative RNA-recognition
domain within theGiardia Prp8 protein. In all this chapter shows that it has been
successful to combine different computational and experimental methods to identify
expected ncRNAs in a highly divergent protist genome. Although the experimental studies
on theGiardia spliceosomal proteins are still at a primary stage, the results obtained in this
study provide useful information for future research on spliceosomes and splicing

mechanisms in deep-branching eukaryotes.

4.1 Introduction — DoeGiardia have a functional spliceosome?

The spliceosome is one of the most important RNA processing units in
eukaryotes. The presence of spliceosomal introns in deep-branching eukaryotes
(Nixon et al. 2002; Russell et al. 2005; Vanacova et al. 2005; Slamovits and
Keeling 2006) suggests that the splicing mechanism is likely to have evolved

very early during eukaryotic evolution (Collins and Penny 2005), despite the
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small number of introns found in some deep-branched eukaryotic speches s

as Trichomonas vaginalis (Vanacova et al. 2005) ar@iardia lamblia (Nixon

et al. 2002; Russell et al. 2005). To date only three spliceosomal introns have
been experimentally confirmed @iardia. The first one is a short (35nt) non-
canonical intron (5CT — AG-3) located within the mitosomal [2Fe-2S]
ferredoxin protein (Nixon et al. 2002), the second one is a 109nt canonical
intron (5-GT — AG-3) found in the ribosomal protein Rpl7a (Russell et al.
2005) and the third one is a 220nt canonical intron found in an unassigned ORF
(Russell et al. 2005).

Genomic surveys (Nixon et al. 2002; Collins and Penny 2005) have revealed
a number of spliceosomal proteins from tBerdia genome. These include
homologues of Prp8, Prpll, Prp28 and Prp31; a number of DExH-box RNA-
helicases which have homologues in bacteria but which also have important
roles in eukaryotic intron splicing; 11 archaeal-like Sm and Lsm core peptides
which coat the spliceosomal snRNAs; and a number of U-snRNA-specific
peptides. It is therefore very likely th&iardia has a functional spliceosome,

although there have been no extensive biochemical studies.

The aim of this part of the study is to look for more evidence which may
support the hypothesis th&iardia has a functional spliceosome by looking
for candidates of the U-snRNAs and studying a major protein component: the

Giardia homologue of splicing-related protein Prp8.

In humans, the major spliceosome is composed of over 200 proteins and five
uridine-rich small nuclear RNAs (U1, U2, U4, U5 and U6) that form dynamic
protein-RNA and RNA-RNA interactions (Nilsen 2003). The detailed
mechanism of splicing is described in the introductory Chapter-1 (page 36).
Like other ribozymes, the RNA components of the spliceosome are the major
catalysts of splicing. It has been shown that human protein-free spliceosomes
are capable of catalysing reactions that resemble both the first (Valadkhan et al.
2007) and second (Valadkhan 2005) steps of trans-esterification reactions
during splicing. The U-snRNAs are found across the eukaryotic kingdom and
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have the characteristic Sm-protein binding site, which is a consert8dt8
uridine-rich sequence flanked by two stem-loops. The structures of these
snRNAs are also highly conserved. Figure-1 shows the secondary structures of
human U-snRNAs. To date many studies have shown that the U-snRNAs from
a wide range of organisms share the same stem-loop folds (Vankan et al. 1988;
Brown and Waugh 1989; Hofmann et al. 1992; Miranda et al. 1996; Valadkhan
2005; Hinas et al. 2006; Ambrosio et al. 2007).

Figure-1: Secondary structures of human U-snRNAs
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The stem-loops within these snRNAs are important for interactions with
snRNA-specific proteins. Each of the five snRNAs has a number of specific
interacting proteins ranging from 4 in human to 10 in yeast (Jurica and Moore
2003). However in deep-branching eukaryotes, the protein components are
usually reduced. Bioinformatic studies have shown Giardia is likely to
have most of the more conserved snRNA associated major spliecosomal
proteins although the less conserved ones may be lost (Collins and Penny
2005). The predicted presence of many spliceosomal proteins suggests that

Giardia is highly likely to possess a functional spliceosome.

TheGiardia U5-snRNA has been found by computational analysis (Collins et

al. 2003), and it folds into a conserved U5 secondary structure although the
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primary sequence itself does not show homology with U5-snRNAs from other
species. The U5-snRNP is required for both steps of splicing (Dix et al. 1998)
and is the only snRNP found in all three types of splicing: major-, minor- and
trans-splicing. The U5snRNP-specific proteins Prp8 and Brr2 are also found in
other deep-branching eukaryotes includiingpanosoma brucel (Lucke et al.
1997) andTrichomonas vaginalis (Fast and Doolittle 1999). The Prp8 protein,

a unigue and highly conserved protein which has no obvious homology to other
proteins, has a central role within the spliceosome and makes extensive
protein-protein interactions throughout the various stages of pre-mRNA
splicing (Grainger and Beggs 2005). Therefore, given the presence of U5 and
Prp8, it is highly likely thatGiardia has a functional spliceosome. The
presence of U5 snRNA and all the protein components Boendia suggest

the high possibility thaGiardia possesses other U-snRNAs too. The aim here
is to test these predictions.

4.2 Searching for U-snRNAs {Biardia

4.2.1 Prediction of Giardia U1-snRNAs candidate

Searching for U-snRNA candidates fr@mardia based on primary sequence
similarity (Blast and profile HMM) failed as expected, due to the observed low
sequence homology betwedbsiardia and other eukaryotes. However, the
generally conserved structures of the U-snRNAs may allow a more advanced
computational search for new U-snRNA candidates from the fully sequenced
Giardia genome (McArthur et al. 2000; Morrison et al. 2007). Due the reduced
nature of theGiardia genome (Edlind and Chakraborty 1987; Adam 2001;
Vanacova et al. 2003; Best et al. 2004; Morrison et al. 2007), it is not unlikely
that some of the ncRNAs froi@iardia also have been reduced in size and
structure. For example, it has been shown that the Ul snRNA from
Trypanosoma brucel (see Figure-4) is unusually reduced that it only contains
one stem-loop structure in contrast to the usual four stem-loops seen in other

organisms (Palfi et al. 2005).

102



Chapter-4

Besides structural information, certain sequence motifs of thieRNAs can
also aid computational searches. It is known that U1-snRNA and U2-snRNA
have direct interactions with introns through complementary nucleotide
sequences; Ul binds to theiltron splice site and U2 binds loosely at the
branch site (Das et al. 2000). The three spliceosomal intrdaisiidia (Nixon
et al. 2002; Russell et al. 2005) share sequence similarities which indicate the
presence of conserved-53- splice sites and the branch site as shown in
Figure-2. Together with the conserved U-rich Sm-binding site, these sequence
elements can be incorporated into a computational search for shRNAs from
Giardia.

Figure-2 : Conserved intron sites within Giardia’s spliceosomal introns

5—A/gtatgtt...(87nt)..acaactgacccacag/C-3' Rpl7a
LEE 2Lk whkkkkk *hk whhkr

s=A/ctatgtt...(13nt)..acaactaacacacag/G-3 ferredoxin

5'—A/gtatgtt..(198nt)..ccaactgacacacag/A—-3  Unassigned ORF on
5-splice site Branch-point  3"-splice site  contig [AACB01000025]

(Russell et al. 2005)

This figure shows the conserved nucleotide sequences (as marked with “*”) in the three
experimentally confirmedGiardia introns. The proposed branch-point sequences are
underlined in the figure, and the branch-point adenosine is indicated dycav. Two of

the Jardia introns have canonical 5’-“GT” nucleotides

The computational prediction for Ul-snRNA candidates was done using
RNAbob* programme. This programme uses a descriptor file which specifies
the structure and sequence motifs of the RNA to be searched, and looks for
matching candidates from a sequence database. The descriptor file for Ul-
SnRNA was constructed using the information available Gaardia (e.g.
intron-binding sequence, expected Sm-binding site and predicted conserved
loop sequence as detailed below). Since it was not known whether the U1-

snRNA fromGiardia was typical with conserved structure similar with human

* The source code of RNAbob was downloaded from:

http://selab.wustl.edu/cgi-bin/selab.pl?mode=software#rnabob
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U1 or reduced like U1 frori. brucei (Palfi et al. 2005), a relaxed model was

set using the structural information from both the human Taratucel U1-
SNRNA with human U1-snRNA as the upper limit of complexity &nbrucei
Ul-snRNA as the lower limit of complexity (Figure-4). The searching model
was set so that the expected output would have thdréh site recognition
sequence “AACAUA” which complements “UUGUAU” sequence at thef5’
intron. The Sm-binding sequence was set to “AANUUUGN” where N
indicates an uncertain nucleotide. The stem-1 and stem-2 which were seen in
both human and T. brucare highly conserved at the loop sequence (Figure-4).
Therefore this loop sequence (conserved as “AUCACGAA”) is also
incorporated into the search. Finally, a terminal stem which is present in both
human andT. brucei was also used as searching criterion. All the “U’s are
written as “T’s in the descriptor file for searching in a DNA genome. The
descriptor file for U1 was written according to the proposed structure of the Ul
candidate as shown in Figure-3. This proposed structure is deduced based on

known Ul-snRNA structures.

Figure-3 : Proposed structure for writing the U1 descriptor file:

g . o P

> D

5 —AACATA— ——AANTTTGN 3
sl S5

The content in the U-1 descriptor cell can be visualized in the migasliown in this
figure. “s” stands for strand and “h” stands for helix. The elemeititsrvihe proposed U+
1 structure are marked in order from the2btl to the 3end. The two stem-loops drawn as

dotted lines are not compulsory in the proposed structur@iafdia U-1 candidate;

therefore they are marked as a free-folding strand s4.
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In the descriptor file below, lines started with “#” are notational. The
“strands” and “helices” elements within the proposed structure are listed in
order, and each of them is then specified. “N” represents an uncertain
nucleotide which is definitely present and “*” represents an optional nucleotide.
[] indicates the maximum number of nucleotides present. Since the presence of
stem 3 and 4 (as marked on human U1l-snRNA structure in Figure-4a) is
uncertain, these two optional stems were replaced by a long strand s4. The
numbers immediately following element (s1, hl etc.) described indicate
number of mismatches allowed. For example “0:0” shows that no mismatches

are allowed in the helix h1.

# U1 snRNA descriptor (Giardia)
# 5' intron recognition site: 5' AACATA 3'
# Sm-binding site AANTTTGN

# Giardia's snRNAs may be reduced as seen with the U 1 snRNA from T.
brucei.
# the search is done by restricting stem-1, stem-2 and stem- 5 only, in

case
# stem-3 and stem-4 are missing.
# conserved loop-2 sequence seen in human and T. brucei: ATCACGAA

sl hls2h2s3h2' s4 hl's5h3s6 h3'

s1 1 NAACATANN

h1 0:0 NNNN:NNNN

s20N

h2 1:0 ******NNNN:NNNN******

s3 1 *ATCACGAA*

s4 0 NNNNNNNNNNNNNNNNNNNNI[50]
S5 0 NNNNN*****AANTTTGN****

h3 22 *******NNNN:NNNN*******

S6 0 NNNN**

This search produced only one output sequence, which has two copies in the
Giardia genome. The sequence was then folded by RNAstructure (Mathews et
al. 2004) and drawn in RnaViz-2.0 (De Rijk et al. 2003). The output structure
has one more stem-loop (stem-loop 3 in Figure-4a) comparediwittucei.

Thus theGiardia candidate is intermediate between the standard eukaryotic

pattern as found in human, and the reduced ofiebrucei. Expression of this
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Giardia Ul-snRNA candidate was confirmed by RT-PCR (Figure-4b).

Structural modelling of this candidate shows that it is a good candidate for U1-
SNRNA.

Figure-4: Identification of Giardia U1l-snRNA candidate

(a) The structures of Human, T. brucei and Giardia-candidate U1-snRNAs
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The conserved loops among the hum@nardia and Trypanosome Ul-snRNAs are
indicated by the circles. The Sm-protein-binding sites are boxed.

(b) RT-PCR test for expression of RT-PCR results show hlghly eXpresmdia
Giardia U1-snRNA candidate U1-snRNA candidate.
+ control: PCR with genomic DNA

- control: PCR with total RNA without reverse

transcription

4.2.2 Rediction of Giardia U2-snRNA candidate

The same method was applied to search for U2 snRNAs @Gaardia.
However, this search did not give any results due to the high degree of
specificity required for constructing the descriptor file. Subsequently, a more

general approach was tried. The new approach used the available sequences of
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U-snRNAs from Rfam (Griffiths-Jones et al. 2003) to search fog t
corresponding ncRNAs fror@iardia genome using the INFERNAL software
package (Eddy 2006). The INFERNAL software uses covariance models (Eddy
2002) which optimizes the aligning of an RNA sequence to a conserved RNA
structure. The INFERNAL package is comparable to HMMER package, which
builds profile Hidden Markov models in searching for homologous protein
sequences from a database. Eukaryotic U-snRNAs from Rfam have been
annotated with the INFERNAL package with multiple alignments and
conserved secondary structures. Therefore, these alignments were used in
searching for potential U-snRNAs fro@iardia genome. The programmes

cmbuild and cmsearctwithin the INFERNAL package were used here.

The alignments of Ul, U2, U4, U5, and U6 were downloaded from Rfam in
Stockholm format and Covariance models for these alignments were built
using the cmbuild programme. Searching for potential U-snRNAs from
Giardia genome was done by tleensearch programme. An output hit from
cmsearchconsists of an alignment and score. By default, scores above 0 are
considered as hits.

As a control, acmsearch for U5 snRNA was performed first. Using the
model built from the alignment of 33 seed-sequences resulted in 394 potential
U5 sequences, as well as the experimentally confirmed U5 candidate (Collins
et al. 2003). This control strengthened the likelihood of obtaining a true
candidate. A second control searching for Ul candidates was also performed.
However, the putative Ul candidate described above was not in the output
which contains 29 sequences in total. The absence of the predicted Ul
sequence in the output froomsearch could be due to the high degree of
conservation among the seed sequences used for building the Covariance
model, thus the search may have bypassed posSiblelia Ul sequence
which has one stem-loop less than a typical Ul-snRNA. This important
structural difference may have resulted in the searching algorithm bypassing
the putative Ul-candidate obtained above.

Different searching algorithms have varying degrees of sensitivity. The
RNAbob programme used here is highly sensitive on searching RNAs with
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known structures and conserved sequence motifs but requires enough
information to construct a descriptor file. On the other hand, the INFERNAL
software applies to more general searches using alignments of both sequences
and structures of se€dRNAs; however successful searches using this method
largely depends on the prerequisite that the candidate RNA is highly conserved
at both sequence and structural level with the seeds RNAs used for the search.
In this study ofGiardia U-snRNAs, it is not clear as to what deg@ardia U-
snRNAs may be conserved with other known U-snRNAs, therefore it is
necessary to use two searching methods of differing focus and sensitivity to

achieve a high efficiency of finding the putative candidates.

Subsequently, U2, U6 and U4 candidates were searched in sequence. In the
general model of eukaryotic spliceosome, the catalytic centre contains three U-
snRNAs: U2, U6 and U5, positioned by the important scaffold protein Prp8
(Grainger and Beggs 2005; Turner et al. 2006). The centre of an active
spliceosome is shown in Figure-5 (Turner et al. 2004).

In this RNA-protein

Figure-5 : Catalytic centre of the spliceosome
complex shown in the

above figure, U2-
,prpg I SnRNA loosely binds
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(Turner et al. 2004)
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OH group, and form an

intron lariat. Therefore the bulged branch-site adenosine is crucial for the
function of the spliceosome. U2-snRNA also binds to the U6. It is expected

that any potential U2-candidate fro@iardia must have a sequence motif

* Seeds: a representative set of known members of the same family that are used to construct
an alignment for searching putative candidates in a sequence database.
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complementary to the branch site. And based on the U2-U6 base-paidfg, a
candidate may be found after U2.

First of all, cmsearchwas run using models build from U2, U4 and U6 seeds
and outputs were obtained. The outputs for U4 and U6 are large (217 and 1052
sequences repectively) whereas the output for U2 has only 5 hits. Blasting the
hits for U2, U4 and U6 at theGiardia genome database
(http://www.giardiadb.org/giardiadpshowed that 3 of the U2 hits, 114 of the

U4 hits and 649 of the U6 hits lie within non-coding regions. Since the number

of potential U2 candidates is small, RT-PCR analysis was carried out to test the
expression of these hits, though the small number of hits may not cover all
possible U2 candidates. Results (Figure-6a) clearly show that two of the three
candidates (candidate-2 and candidate-3) are expressed and candidate-2 is
highly expressed. Although candidate-3 is also shown to be expressed, it
appears much less abundant than candidate-2. Structural modelling (Figure-6b)
and sequence analysis show that candidate-2 is more likely to be U2-snRNA.
U2-snRNA is part of the catalytic centre of spliceosome. The likely U2-
candidate shown in Figure-6b contains a “UAGUU” motif which complements
the 5' of intron branch site “AACUG (or AACUA)”, but does not have
upstream bases that can bind t@fthe branch-site adenosine (coloured red),
thus instead of leaving the branch-site adenosine bulged this interaction leaves
an open-end of the branch site. However this alteration of branch-site
recognition may not have any functional difference because the branch-site
adenosine is still free to attack the-gblanosine phosphate. The overall
sequence of this U2-snRNA candidate can fold into a typical U2-snRNA
structure (see Figure-1) with the presence of a putative Sm-binding site,
suggesting it to be a good candidate for U2-snRNA.
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Figure-6a : RT-PCR test for expression of Giardia U2-snRNA candidates

control  RT-PCR control  RT-PCR control  RT-PCR

Candidate 1 Candidate 2 Candidate 3

+ control: PCR withngenic DNA

- control: PCR withdbRNA without reverse transcription

Figure-6b : Structure of Giardia U2 snRNA candidate and its interaction with intron
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4.2.3 Rediction of Giardia U6 and U4 snRNA candidates

It is known that conserved base pairings form between U2 and U6, and
between U6 and U4 snRNAs during the dynamic process of splicing. These
conserved base-pairings are shown in Figure-7. In the U2-U6 hybrid, the
central region of U6-snRNA folds into an intramolecular-stem-loop (ISL)
structure, which is highly conserved in the active spliceosome and juxtaposes
the regions interacting with U2-snRNA (Fortner et al. 1994). The ISL has been
shown to have important roles in the catalytic centre of the spliceosome with
the uridine (indicated by * in th& cerevisae model shown in Figure-7)
serving as a binding site for an gon during the catalytic step of splicing
(Huppler et al. 2002). This uridine is seen in all but two U6-snRNAs from
Rfam (Griffiths-Jones et al. 2005), and the metal-binding uridine is usually
situated below a “C-A” wobble base pair, which is readily protonated (Huppler
et al. 2002). As mentioned in Chapter-1, the structure of U6 ISL is highly
similar with the catalytic stem-loop structure of Group-Il ribozyme (Sashital et
al. 2004; Valadkhan 2005) and it appears that this structure has been

maintained through evolution of the splicing mechanism (Lehmann and
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Schmidt 2003; Seetharaman et al. 2006). In addition, two sequence motifs on
the U6-snRNA are also conserved (coloured red in Figure-7a). The
“ACAGAG” is involved in base-pairing with the &ntron site and the branch

site (Sashital et al. 2004). The invariant “AGC” tri-nucleotide is seen in all
identified U6-snRNAs recorded in Rfam (Griffiths-Jones et al. 2005), and has
both structural and functional roles during splicing (Sashital et al. 2004). A
recent study also showed that the “ACAGAG” loop and “AGC” tri-nucleotide
were binding sites of Mg (Yuan et al. 2007). U6 and U4 also form extensive
base-pairings (Nottrott et al. 2002) as shown in Figure-7b. In this hybrid, the
U6-snRNA has formed a-8tem-loop structure. Gathering all the sequence and
structural features of U-snRNAs, Table-1 lists all the consensus properties used
for searching U6 and U4 snRNA candidates. Searching for U6 and U4 snRNAs
were based on the previous result that the U2 candidate identified here was
highly likely to be the true Giardia U2-snRNA.

, , , In the yeast U2-U6
Figure-7 : Conserved interactions between U2-U6 and U4-U6 . .
snRNAs SNRNA interaction
(a) Structure of U2-U6 hybrid from S. cerevisiae model, red
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Table-1: Criteria for searching U6 and U4 snRNA candidates in Giardia:

U-snRNA Features

5'-stem-loop

U6-snRNA ISL with a bulged uridine, likely to be located below a “C-A” wobble pair
ACAGAG motif
AGC invariant tri-nucleotide
Base-pairing with U2-snRNA on &hd 3 of the ISL
GCT tri-nucleotide which base pairs with “AGC” tri-nucleotide of U6
5'-sequence which base-pairs with U6 central region and sequence immediate

U4-snRNA | “GCT” which base-pairs with U6 near its-&em-loop

Sm-protein binding site (usually starts with ‘A’ followed by a number of ‘U’s anc

terminates with ‘G’)

A trial to search forGiardia U6-snRNA candidate was carried out first

because there are more conserved features known for the U6-snRNA. A

descriptor file for RNAbob programme was written based on the consensus
features around the ISL, including the “AAC” motif which bir@isrdia U2 at
the 5 of the “ACAGAG” loop, the “ACAGAG” motif and “AGC” invariant

tri-nucleotide which are two of the important characteristic features of U6-

SnRNA. The criteria used for writing the descriptor file can be visualized in

Figure-8.

# U6_central region descriptor
# features: 1) AAC binding GUU of U2

# 2) ACAGAG and AGC conserved motifs
# 3) ISL with the catalytic ‘U’ below ‘C-A’ wobble base-
pair

s1s2 hls3h2s4h2 s5hl's6

S1 0 AACAGAGN ##¥¥¥%x AGCHHH***

s20N

h1 0:0 *NNN:NNN*

s30C

h2 0:0 *NN:NN*
sS4 0 NNNN**

s50AT
s6 0N
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Figure-8 : Visualization of the proposed searching model for
U6-snRNA candidate

U6 candidate

h2
s3 (ICA s5
U
1 to 9 nucleotides hl

5 JAACAGAG—AGC N NV 5,

33— l|JllJC|-3AU wcleotides
5

U2 candidate

The descriptor file shown above was then used to search against the whole
genome sequence Giardia, and gave 4 output sequences. By comparing with
coding sequences, two of the four output sequences were eliminated. 40nt
upstream and downstream sequences of the two output sequences were pulled
out from the genome and analysed by eye. One of the remaining two sequences
have all the compulsory features of U6-snRNA (see Table-1), therefore was
identified as a candidate, even thought this candidate is not found from
INFERNAL-cmsearch This may due to the low sequence conservation
betweenGiardia U6 and U6 from most other organisms which were used as
seeds for constructing tremsearchmodel. Sequence homology is the major
method for searching U6-snRNAs in the majority of eukaryotes because
sequences of U6-snRNAs are highly conserved among many eukaryotes. The
covariance model built focmsearch therefore very likely bypassed U6-
snRNA during the search irGiardia genome. Indeed low sequence
conservation was the major problem in identifyfeigrdia ncRNAs and earlier
trials to look for U6-candidates failed with sequence homology search. RT-
PCR test has confirmed that this potential U6-snRNA candidate is highly
expressed. Results are shown in Figure-9a. Figure-9b shows the two-RNA-
hybrid formed by the U2 and U6 snRNA candidates ffeiardia. Conserved
sequence elements on U6-snRNA candidate are coloured in blue.
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Figure-9 : Identification of Giardia U6-snRNA candidate

(a) RT-PCR test for expression of the U6 candidate

(b) Interaction between Giardia U6 and U2 snRNA
candidates

&8
;LA ISL

cuY

U-A
Giardia U6 candidate C 6

yOAGAg, §UA Cacv

5—CACUUUUCUGCAR UCAcC WedBuAY —s
3’—éUAAACUCGu&bL<JI(le @\\’AC’GUCGACACCAGCOC?GJUC&-S’
AACAA
Giardia U2 candidate

Controls for the RT-PCR test:
+ control: PCR with genomic DNA

- control: PCR with total RNA without reverse transcription

The U6 candidate was then used to search for a possible U4 candidate based
on the conserved U6-U4 base-pairing feature shown in the human model in
Figure-7b. First, a potential U4-snRNA candidate was searched for from the
114 output sequences of Infermahsearch A few sequences frommsearch
output contain a putative Sm-binding site and one of them shows base-pairing
with the U6-snRNA candidate. Expression of this sequence was tested by RT-
PCR and result (Figure-10a) shows clear and high expression. The interaction

between Giardia U6 and U4 snRNA candidates is shown in Figure-10b.
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Figure-10 : Identification of Giardia U4-snRNA candidate

(a) RT-PCR test for expression of the U4 candidate

X .
(b) Interactions between Giardia U6 and U4 snRNA candidates
&%
Ap
Giardia U6 candidate
o
Y
E 3'-UCUCCUGUGACAUCCCAGACUCAUGG%GCUG
A
5’-G¥UGCAACAGAGGAIAG |U|U IA\GICUGQQ(IEC}J(]ECAUUGAGUAUAﬁUAC
cullg aq Wuce  Acceuualas
3- %U@UUUUA@%UCGUA@ A G
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AC Gy LA
4 ol
Giardia U4 candidate %

U

Controls for the RT-PCR test:
+ control: PCR with genomic DNA

- control: PCR with total RNA without reverse transcription

The RNA structures shown in Figure-9b and Figure-10b both contain a
number of “G-U” wobble base-pairs. The “G-U” wobble base pair is the most
common non-Watson-Crick base pairs in RNA and is found in nearly all types
of RNAs including tRNAs (Musier-Forsyth et al. 1991), rRNAs (Gutell et al.
1994) and snRNAs (Gesteland et al. 2006). “G-U” base pair is a common
metal-binding motif in RNA structure (Stefan et al. 2006). By introducing a
polar pocket and thus a slight asymmetry in an otherwise rather regular helix, a
“G-U” base pair can distort the RNA backbone and position the functional
groups for efficient catalysis (Masquida and Westhof 2000). It has also been
shown from phylogenetic studies (Rousset et al. 1991) that “G-U” base pairs
exchange frequently with standard Watson-Crick base pairs, and also with
“A-C” wobble base pairs depending on sequence or function. Geometrically

with the A protonated, an “AC” base pair is isosteric to a “G-U” pair (Doudna
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et al. 1989); such example is seen in U6-ISL. The structural feabfineon-
Watson-Crick base pairs are closely related with RNA catalysis, and also
protein interactions. It has been shown that base substitutions within the “A-C”
wobble base pair (above U80 in Figure-7a) severely impaired yeast growth and
it was suggested that the defect might disrupt Prp24 protein binding and
reduced stability of the U4/U6 hybrid (McManus et al. 2007). The wobble-base
pairs are often evolutionary conserved in large ribozymes such as the ribosome
(Mokdad et al. 2006), but less conserved in small ribozymes. In case of the
snRNAs, the conserved “A-C” wobble base pair is the best studied example.
Mutation of the bulged uridine within U6-ISL (see Figure-7a and Figure-9b)
has been shown to be lethal due to its resulted alteration of “A-C” wobble base
pair which is important for melting the U6-ISL during structural rearrangement
necessary for association with U4-snRNA (Sashital et al. 2003). This important
wobble base pair is also seen in the newly identifgédrdia U6-snRNA
candidate in my study. There have not been extensive studies on the roles of
other wobble base pairs in snRNAs, and the other wobble base pairs (apart
from the highly conserved “A-C” pair) in the structural modellingsedrdia
U-snRNA candidates do not have conserved counterparts in other eukaryotes.
However In the case dbiardia, a high degree of sequence divergence from
most other eukaryotes causes difficulties in comparing the position of every
base pair with other eukaryotes. Detailed biochemical experiments will be
needed to fully verify the U-snRNA candidates identified here, but that is
beyond the scope of this study. Structural modelling ofGiaedia U-snRNA
candidates shows all the expected features of eukaryotic U-snRNAs, therefore

they are most likely to be the true Giardia U-snRNAs.

All five Giardia U-snRNA candidates are found in transcriptional intense
regions of the genome; most of them overlap with protein-coding genes on the
antisense strands. Except Ul-candidate which has two copies (one copy has a
base-substitution to the other one), the other candidates Figure-11 shows the
locations ofGiardia U-snRNA candidates in relation to the positions of nearby

protein-coding genes.
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Figure-11: Locations of Giardia U-snRNA candidates

GL50803_115052 GL50803_96616 GL50803_27836
A—— A——
———
GL50803_95139 U4-snRNA candidate
U1-snRNA candidate
copy-1

GL50803_16192

GL50803_28906

: U5-snRNA candidate
U1-snRNA candidate

copy-2

GL50803_16746 GL50803_16747 GL50803_21048
——

U6-snRNA candidate

U2-snRNA candidate

In this figure, black arrows indicate the direction of protein-codingegeanscription
and grey arrows indicate the direction Gifardia U-snRNA candidates. The lengths |of
arrows are not proportional to the actual lengths of transcripts, lee¢chasmRNA

transcripts are much longer in length than the shnRNA candidates.

The upstream sequences@trdia U-snRNA candidates were also analysed.
The upstream 100nt sequence for each U-snRNA candidate was extracted from
the genome (see Appendix-3 for sequences). It is known that in most
eukaryotes, the U6-snRNA is transcribed by RNA Pol Il (Kunkel and
Pederson 1988), and the other four snRNAs are transcribed by RNA Pol Il. The
general eukaryotic U6 promoter contains an upstream “TATA-box” and also
upstream enhancer elements (Kunkel and Pederson 1988; Jensen et al. 1998).
The potentialGiardia Pol Ill promoter elements are discussed in Chapter-3,
where the “A/T-element” and “G/A” element have been shown to be possible
Pol 1l upstream elements. The upstream sequenc&iaflia U6-snRNA
candidate does not show strong signals of either “A/T-element” or “G/A-
element”, but the absence of strong signals of either Pol Il or Pol Ill promoter
elements in the other four U-snRNA candidates shows that these candidates
may be another example of ncRNA genes without clearly observable promoters.
The same feature is seen in more than half of the uncharacterised novel

NcRNAs identified in Giardia as discussed in Chapter-3.
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In conclusion, this study has found four likely candidateSiafdia ShHRNAs
through computational method, and confirmed that they are expressed. The
sequences and genomic locations of fs@ardia U-snRNA candidates are
listed in Appendix-3. Combining sequence and structural information which
summarises conserved features of characterised ncRNAs appears to be an
efficient way of searching the unknown homologues of these ncRNAs in
phylogenetically distant lineages. However, apart from the primary tests of
expression, theGiardia U-snRNA candidates found here have not been
extensively verified by biochemical methods such as functional knockout. It
still remains uncertain as whether these candidates are truly U-snRNAs, but the
characteristic structures, sequence motifs and RNA-RNA interactions indicate
that they are very likely to be U-snRNAs. The following section describes a
small-scale analysis of a central protein component of the spliceosome: the
Giardia homologue of Prp8 protein.

4.3 Giardia homologue of Prp8 protein — the central protein

component of the spliceosome

Formation of the catalytically competent spliceosome involves a series of
protein-RNA rearrangements. A number of RNA-dependent helicases are
required in these processes including Brr2, Prp5, Prp5, Prp8, Prpl6, Prpl7,
Prpl8, Prp22, Prp28 Prp43, Sub2, and Slu7 (de la Cruz et al. 1999; James et al.
2002). Among these proteins, Prp8 is the most highly conserved and involved
in both the first and second trans-esterification reactions during splicing
catalysis (Grainger and Beggs 2005). The Prp8 protein is a component of the
U5snRNP (Lossky et al. 1987) and U5.U4/U6 tri-snRNP (Stevens and Abelson
1999), and can be UV-cross-linked to thedplice site (SS) (Wyatt et al. 1992;
Maroney et al. 2000), the branch point (BP) (MacMillan et al. 1994;
McPheeters and Muhlenkamp 2003), theSS5 (Teigelkamp et al. 1995), and
also to the U5 (Dix et al. 1998) and U6 snRNAs (Vidal et al. 1999). The
interactions between Prp8 and RNA active sites suggest an essential function
of Prp8 at the catalytic centre of the spliceosome (Collins and Guthrie 1999).
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The Prp8 protein is evolved in both major and minor splicing (Lucké et a
1997; Luo et al. 1999) and exhibits high degree of conservation across all
eukaryotes from which it has been identified. For example, an overall 60%
amino-acid sequence identity has been observed between the Prp8 protein of
human and yeast (Hodges et al. 1995). Prp8 belongs to the PRO8 splicing-
factor family, which has 72 proteins recorded in InterPro database
(http://www.ebi.ac.uk/interpro/IEntRac=IPR012591). While highly conserved

they do not show homology to other protein domains. These proteins are

classified by their N-terminal PRO8NT domains located at N-termini. 28 full-
length sequences of the Prp8 genes from 26 eukaryotic organisms are available
and their large size is conserved, varying between 230 and 280 kDa (Grainger
and Beggs 2005).

Most Prp8 proteins have nuclear localization signal peptides at the N-terminus,
a 3- splice site fidelity region at the middle, followed by a conserved RNA
recognition motif (RRM), and an MPN domain at the C-terminus (Grainger
and Beggs 2005). Thaiardia homologue of Prp8 has been identified based on
sequence homology (Nixon et al. 2002). Aligning tiardia Prp8 protein
sequence with those of other deep-branching unicellular eukaryotes showed
that Prp8 protein homologues are highly conserved across the entire sequence
(Appendix-3).

4.3.1 Bioinformatical analysis of the Giardia homologue of Prp8 protein

Being the central protein component of the spliceosome, extensive
biochemical studies have been carried out in order to understand the functional
domains of the Prp8 protein using yeast as a model (Grainger and Beggs 2005;
Turner et al. 2006). The Prp8 protein is known to interact with U5-snRNA
(Turner et al. 2006)as a conserved central protein component of the
spliceosome. The presence of a highly conserved Prp8 homolodsiariia
(Giardia genome ID: GL50803 112114) suggests that this protein may have
the same functions in Giardia as those known for higher eukaryotes. In order to
obtain more information abo@iardia Prp8, biochemical studies are necessary.

However, before any experimental studies could be carried out, detailed
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analysis of the amino-acid sequence and possible structural propesties
needed. A number of bioinformatics tools have been used to analyze possible

functional domains and secondary structures of the Giardia Prp8 protein.

In addition to being conserved with Prp8 homologues from various unicellular
organismsGiardia Prp8 is also highly conserved with the yeast Prp8 protein.
Based on the sequence alignment@érdia and yeast Prp8 proteins, the
functional domains on the yeast Prp8 protein can be mapped by eye onto the
Giardia Prp8 protein (Appendix-3). Table-2 lists the functional domains of
yeast Prp8 protein, and Figure-12 shows the location of potential functional

domains within Giardia Prp8 protein mapped in my study.

Table-2: Functional domains of Prp8 proteins from S ceverisiae

Domain Position Function

(aa)
U5-snRNA-binding | 770-871 Interaction with U5-snRNA
site 1
U5-snRNA-binding | 1281-1413| Interaction with U5-snRNA
site 2

RNA recognition| 1059-1151| Possible interaction with' s site, 3ss site, U5-snRNA and
motif U6-snRNA

3'-splice site filelity| 1372-1660| Highly conserved and likely to be responsible innpoting

region 3.2 RNA-mediated catalysis; overlaps with U6-interaction
domain (aa 1503-1673)
MPN domairt 2178-2310| Regulating protein-protein interactions, may be gjmeto

higher eukaryotes only

(Maytal-Kivity et al. 2002; Grainger and Beggs 2005; Turner et al. 2006)

* MPN domain (Maytal-Kivity et al. 2002): highly conserved in a number of MPN-domain
proteins such as Rpnll and Csn5/Jabl. The MPNdomain consists of five polar residues that
resemble the active site residues of hydrolytic enzyme classes, particularly that of
metalloproteases.
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Figure-12: Potential functional domains in Giardia Prp8 protein from comparison with S.
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The putative domains on the Giardia Prp8 protein were mapped by eye from the
sequence alignment ofi@dia and yeast Prp8 proteins. All the functional domains of
yeast Prp8 protein can be aligned with high degree of sequence similarity witbf phaets
Giardia Prp8 protein, and the corresponding positions on the Giardia Prp8 protein are

shown above. The putative RRM, U5-binding domain-2 ars$ 3delity retion 3.2 are

overlapping on th&iardia Prp8 protein sequence.

2309

The Giardia Prp8 protein is a large protein of 2309aa (approximately 260

kDa), and it is not possible to construct a small-scale protein analysis on such a

large protein (personal communication with Dr. Gill Norris). According to

Figure-12, it appears that the putative RNA-binding domains are clustered at

the centre oGiardia Prp8 protein. In this study, the potential RNA-recognition

motif (RRM) is selected as a candidate domain to analyse. A recombinant

peptide (named Gp8dl) containing the potential RRM has been studied here

and details are shown below. The peptide Gp8dl is 249aa in length

corresponding to amino-acid position 843 to 1082 on Giardia Prp8 protein.
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4.3.2 Analysis of the potential RNA-recognition motif ofGiardia Prp8
protein

4.3.2.1 Computational analysis of the likelihood of Gp8d1l being a protein
domain

Prior to biochemical study of previously uncharacterised protein domains, it is
usually necessary to learn the possible folding of the particular domain to
increase the possibility of success in experiments. Most of the characterized
protein domains resemble globular form but it has been noticed that many
functionally important protein segments lie outside globular domains in regions
that are intrinsically disorder&d(Wright and Dyson 1999), and may only
become ordered when bound to another molecule (Dunker et al. 2001; Uversky
2002). There are a number of computational methods for analysis of protein
globularity and disorder, such as DiISEMBL (Linding et al. 2003a), GlobPlot
(Linding et al. 2003b) and Foldindex (Prilusky et al. 2005) etc.

Using the three computational methods mentioned above, the globularity and
disorder of Gp8dl in comparison to the whdeardia Prp8 protein was
analysed. First a rough scan of the full-lenGilardia Prp8 protein sequence

was performed using Foldindekt{p://bip.weizmann.ac.il/fldbin/findgx The

output (Figure-13) shows that the entire Prp8 protein is likely to be ordered
(green) with a few short disordered connection segments (red). The position of
Gp8dl is at the central region of the protein and indicated by grey shade.
Prediction shows that Gp8d1 is highly ordered at both ends and less ordered at

its centre.

* Intrinsic disorder: This term refers to segments or whole proteins that fail to self-fold into
fixed 3-D structure.
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Figure-13: General Foldability of Giardia Prp8 protein
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The order/disorder of a protein sequence is determined by the foldability of the
sequence. The green regions shown in the figure represent folded regionsighhefhe
the green region indicates the likelihood of the residue being in a foldemh.rdRed
colour represents unfolded regions. Tiardia Prp8 protein appears highly folded, with
its central regions most folded. Gp8d1 (as shaded in grey) is |dnateel middle part of
the Prp8 protein and is highly folded at two ends.

Further tests for protein disorder of Gp8dl were done using DisEMBL
(http://dis.embl.de and GlobPlot [fttp://globplot.embl.de Both methods

predict putative domains within a given amino-acid sequence. Results are

shown in Figure-14. In Figure-14a, the output of DiSEMBL shows three types
of putative structures within the Gp8dl sequence. The dotted lines indicate
thresholds for structure definition. The term “Loops or coils” corresponds to

residues that are predicted as within helices or strands which are necessary but
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not sufficient determinants for protein disorder. The “Hot loops” defingisly
dynamic and mobile loops and is considered protein disorder. “Landmark 465"
is a term used in X-ray structure with non-assigned electron densities and often
reflects intrinsic disorder. As shown in the results (Figure-13), Gp8d1l sequence
appears to be moderately ordered, consisting mainly helices and sheets with
highly dynamic residues at its N- and C- terminus. Output of GlobPlot is
consistent with DISEMBL. It has been tested in other studies that the downhill
region in GlobPlot curve often co-locates with characterised protein domains
(Linding et al. 2003b).

Figure-14: Analysis of intrinsic protein disorder using DiSEMBL and
GlobPlot
(a) Output of DiISEMBL analysis

Disorder probability }\
|

In the above figure, the dotted lines indicate the threshold for gaehof unstable
protein structures (disordered): hot loops, loops of coils and landmark-469nRdigat
are above the thresholds are most probably to be disordered. The probéaldigorder
(being any one of the three type of unstable structures) of residuss thle Gp8dl

sequence is plotted as curves. It is clear that most regions &pBal are below th

1%

thresholds for being hot loops or landmark-465, while many residueikelyetd be parts
of loops or coils. Also it can be seen that the probability of diséndezases dramatically
at the two termini of the peptide. The result indicates that g G peptide most likely
folds into a moderately ordered structure, thus is likely to contain a protein domain.
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(b) Output of GlobPlot analysis

Disorder .4
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The GlobPlot test is an alternative way to analyse protein disorder by defining r
of globularity and disorder based on a running sum of the propeR¥ity &mino acids tc
be in an ordered or disordered st@tés expressed &B=RC-SS, whereRC andSS are the
propensity of a given amino-acid to be in “random coil” and regular “secondary strug
The frequencies of RC and SS for each amino-acid has been ealcbkted on
database containing one representative sequence from each protsin(lfarding et al.
2003b). A reducing sum & (the curve in the figure) indicates that the residues alon
protein sequences are more frequentl$3rthan inRC thus are more likely to be ordere

and result in a defined protein domain.
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With the above three tests performed, it was rather certain that the Gp8dl

sequence should fold into a single protein domain, which is likely to undergo

self-folding. However the analysis does not reveal any highly dynamic region

(that is highly disordered) within this peptide. To test the potential RNA-

binding property of this peptide, recombinant Gp8dl was made as des
below. Detailed experimental methods are detailed in section 4.5.

cribed

A number ofE. coli expression constructs were made, but all failed due to

unknown reasons resulting in no expression under a variety of conditions.

Table-3 lists the different vector constructs tried. Induction of protein

expression at various temperatures (37°C, 25°C and 16°C) and different
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concentrations of induction chemical (IPTG or arabinose) were triedhéut
results did not change. Due to time restriction, only the standard BL21
expression cell and KRX expression cell were used. It was suspected that
certain feature of this peptide leads to toxicityBocoli; thereforein vitro

protein expression was tried.

Table-3: Vector constructs used for expression of Gp8d1 peptide in E. coli

Vector Feature Result
pET-24b (BL21 expressio| Basic vector construction for His-tg No
cell, Invitrogen) recombinant protein expression driven | expression

T7 promoter, induced by IPTG
pETDuet_DsbC (BL21 Co-expression with E. coli DsbC| No

expression cell, Invitrogen)| (disulphide isomerase 1) peptide to & expression
correct folding of the recombinant peptide
pETDuet_MalE (BL21 Co-expression witle. coli MalE (maltose- No

expression cell, Invitrogen)| binding protein) peptide to increal expression
solubility of the recombinant peptide

pIVEX-2.4d (KRX | Expression is activated by an inducible ( No
expression cell, Invitrg L-arabinose) production of a genomic co expression
Technologies) of T7 polymerase

4.3.2.2 Qoning and in vitro recombinant protein expression

The potential RNA-binding domain (Gp8d1) of Prp8 was amplified by PCR
from Giardia genomic DNA with restriction sites tagged primers, inserted into
anin vitro expression vector (pIVEX-2.3d) and cloned igtacoli DH5a cells
for purification of plasmid. The purified plasmid was than used irttloeli in
vitro expression system for recombinant protein expression. The detailed
protocol is described in Materials and Methods of this chapter.

The recombinant protein was produced and results are shokigure-15.

Compared with the positive control of recombinant GFP expression, the
expression level of Gp8dl was much lower, and most of the recombinant
proteins (both GFP and Gp8dl) were present in the precipitates. The
precipitation may be due to the salt concentration in the expression mix,
therefore buffer with higher salt concentration (500mM NaklP@02%

Triton-X 100) was used in order to dissolve the precipitates. This turned out to
be partially effective as part of the precipitated protein could be dissolved in

the buffer used and GFP protein showed green fluorescence in UV light.
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Figure-15: in vitro recombinant protein expression of potential RNA-binding

domain in Giardia Prp8 protein.

| g { : :
(2 R SR s : 2 SEEw =

Marker: BioRad low-range protein standard; S: sa@uls: insoluble;
This figure compares expressions of the — continel,+ control (GFP) and Gp8d1 recombinant
peptide. There is not much visible difference amttregsoluble fractions of the — control, the +
control and Gp8d1 expression mixture. There arer tlaads showing expression of the GFP
and Gp8dl in the insoluble fractions shown on thie Ge-expression of GFP and Gp8d1l

reduced the expression level of both peptides.

Snce the expression level oh vitro expression system is low, it was not
possible to purify the recombinant protein by traditional methods of column
chromatography despite that the recombinant protein was His-tagged at the N-
terminus. Therefore two alternative methods were used to assay the proposed

RNA-binding property of this domain.

4.3.2.3 RNA-protein binding assays of Gp8dlversus Giardia snRNA
candidates.

The actual functions of the RRM-domains of Prp8 proteins in model
eukaryotes studied to date remains uncertain (Turner et al. 2006). However
current knowledge does not rule out the possibility that this domain can interact
with a number of snRNAs. Mutation within the RRM could affect U4/U6

unwinding and it has been proposed that the RRM-domain of Prp8 may interact
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with the U6-snRNA to regulate the formation the active splicees@nainger
and Beggs 2005). To test the RNA-binding ability of the recombinant Gp8d1,

two approaches followed.

The first approach was affinity binding using a poly-A tailed U5-snRNA
candidate. The U5-snRNA candidate was PCR-amplified apdt8hded with
a poly-A tail. The purified RNA was than hybridised with biotinylated oligo-
dT primers and immobilized on the inside surface of streptavidin-coated tubes.
Expression mixtures of Gp8dl, GFP and a negative control mixture containing
no recombinant protein was added to the tubes, which were incubated to allow
binding. The tubes were then washed three times to remove anything that did
not bind to the RNA. Finally SDS-PAGE denaturing buffer was added to the
tubes to break any possible interactions between protein and RNA. The final
solutions in the tubes were loaded on to an SDS-PAGE gel for analysis. Results

are shown in Figure-16.

Figure-16 : Capturing proteins capable of binding to the U5-snRNA candidate

Re-dissolved proteins Proteins captured by U5 RNA

The arrows here indicate the proteins remained in the tubes after thres.Washsizes
of two indicated bands correspond to GFP and Gp8d1l. There are no visible bands in the

lane showing ‘— control’, indicating no protein left after washing.
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Unexpectedly the lane showing the capturing result for GFP eipmes
mixture showed a distinct band corresponding to the GFP protein, whereas the
lane showing the result for Gp8dl expression mixture only revealed a faint
band corresponding to the Gp8d1l recombinant protein. The negative control
lane clearly showed no proteins remaining after washing, therefore the results
suggest that GFP protein has higher affinity for the U5-snRNA candidate than
the Gp8d1 protein. Given the earlier observation that the GFP protein glowed
in UV light, therefore it has folded correctly, and also it is certain that GFP
protein does not bind any RNAs; the band seen here may be a result of residual
protein not being washed away completely. Hence the presence of the Gp8d1l
band may not indicate interaction between Gp8dl and U5-snRNA candidate.

To tackle the problem, a different method was used.

The second method to study RNA-binding property of Gp8dl1 was a gel shift
assay. Gel shift assays are widely used for analysis of protein-nucleic acid
binding. Due to the fact that the proteins used in this study were not purified
from reaction mixtures, radio isotope labelled RNAs were used to visualize the
gel. The expression mixtures of negative control, GFP and Gp8dl were
incubated witt??P-labelled U5- and U1-snRNA candidates before loading onto
a native PAGE gel. At this stage of study, only the Ul-snRNA candidate had
been identified, and used as a control RNA because there is no evidence for
U1-snRNA interacting with the RRM. Results (Figure-17) are, however again
difficult to resolve. It would have been helpful if a positive control with known
RNA-binding protein was included, but there was none available at the time

when this experiment was done.
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Figure-17 : Gel shift assays of negative control, GFP and Gp8d1l expression mixture
versus Ul- and U5-snRNA candidates.

U5 candidate + proteins U1 candidate + proteins

Both lanes of RNAs without proteins show several bands, which likely
indicate differently folded RNA molecules. The negative control expression
mixture did not show any changes in RNA mobility. Addition of GFP and
Gp8dl expression mixtures into U5-snRNA candidates resulted in slight
mobility shift, as indicated by arrows al, a2 and bl, b2, however consistent
with the earlier results obtained from affinity capture, the effect of GFP
appears stronger than Gp8d1l. In the same assay, addition of GFP and Gp8d1l
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expression mixture also resulted in the appearance of potentialcRis®age
products c1, c2 and d1, d2. In the parallel assay with the U1-snRNA candidate,
the reducing intensity of original Ul-snRNA candidate bands and the
appearance of bands gl, g2 and hl, h2 also suggested RNA-cleavage upon
addition of GFP and Gp8d1l expression mixtures. The potential mobility shift
(el, e2 and f1, f2) detected in the Ul-candidate control assay was less

noticeable than the U5-candidate assay.

The mobility shift assay revealed unexpected results. It is clear that addition
of recombinant GFP and Gp8dl resulted in RNA degradation in possibly
specific positions of RNA sequences (as indicated by defined bands in Figure-
17). It is not known what caused this result. However, both the U5-candidate
assay and Ul-candidate control assay suggest that there may be unspecific
interactions between the RNA molecules and recombinant peptides.

In summary, this primary study of the putative RRMG&G#rdia Prp8 has
encountered many problems, and the main reason behind this situation is likely
to be in part the uncertainty of both the RNA candidates and selection of
protein segments analysed. There is very limited knowledge on the
spliceosomes of unicellular protists, and it is always difficult to begin with
little information. The results obtained here will hopefully aid future research
to carry on with the study of th@ardia spliceosome.

4.4 Conclusion and overview of the major spliceosomal

components ilGiardia

This chapter mainly focused on the identification of major spliceosomal
sSnRNAs inGiardia. Using computational methods based on known structural
and sequence information of eukaryotic shnRNAs, fQiardia U-snRNA
candidates were uncovered from the genome, and expression of these
candidates were confirmed by RT-PGRardia U-snRNA candidates can fold

into characteristic stem-loop structures and conserved interactions are observed
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in the models of U2-U6 and U6-U4 hybrids. This study has shown that
combined structural and sequence search has the ability of identifying expected
NcRNAs in a genome highly diverged from other eukaryotes. Identification of
all the Giardia U-snRNA candidates suggests th@tardia has a full
spliceosome similar with other eukaryotes. Although the RNA candidates
identified here require further verification, the primary results are promising.
The small-scale analysis of the potential RNA-binding domaiGisrdia
Prp8 protein was not successful mainly due to limited background information
and was not further investigated. However, as seen from a number of
computational analyse§iardia Prp8 protein is highly conserved with human
and yeast Prp8 protein, and hence is likely to be functionally similar as well. It
is expected that future studies will be able to reveal the biochemical details of

the Giardia spliceosome.

4.5 Experimental Materials and Methods

4.5.1 PCR amplification and cloning

DNA encoding Gp8dl, Ul- and U5-snRNA candidates were amplified by
PCR from genomic DNA using HiFi DNA polymerase (Invitrogen, Gp8dl
reaction) and Taq polymerase (Roche, Ul and U5 reactions). PCR primers
used for amplification of Gp8d1 fragment, U5 and U1l snRNA candidate genes
are listed as following:

Gp8_d1_F_plVEX| ATAGGCGGCCGCCTTAATACTGATAGCTACTT

Gp8_d1_R_pIVEX TCGAGTCGACGCTACGATTAAGCTCATC
GiU5For CATTCATCTCTGCGGTGGATG

GiU5Rev ACCCCAAAAAATGCAACTGTCTGCC

GU1 cand_1_F | AAACATCAGCGGCATCGTCA
GUl1l_cand_1 R | CGGACATCACCCGCCAAAA

PCR products of Ul- and U5-snRNAs candidates were inserted into pGEM-
T-easy T/A cloning vectors (Promega) and re-amplified by PCR using the
universal forward primer@TTGTAAAACGACGGCCAGT) and the U1l- or U5-

specific reverse primer to obtain the DNA templates for in vitro transcription.
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The PCR product of Gp8dl was double digested by Not-1 and Sal-1
restriction enzymes (Fermentas) and ligated into Not-1/Sal-1 double digested
pIVEX-2.3d vector (Roche). The ligation reaction was carried out using T4-
DNA ligase (Roche) at 4°C overnight. 1:5 dilution of ligation reaction was
then used for heat-shock transformation into E. Bdti5a cells.

For transformation, 5@l of E. coli DH5a cells was thawed on ice before
addition of the diluted ligation mix. The cells were incubated on ice for 20min
and heat shocked for 45 sec at exactly 42°C. Then the cells were immediately
transferred on to ice and 3@0 room temperature S.0.C medium was added.
The transformed cells were then shaken at 37°C for 1 h at 225 rpm. 50ul cells
were plated on LB agar plate containing 1@Jml ampicilin. The plate was

incubated at 37°C overnight.

4.5.2 Plasmid preparation:

All the plasmids were prepared from overnight cell cultures inoculated by
single colonies from LB agar plates. Cells were collected by centrifugation and
resuspended in 0.2ml TE buffer A (50mM Tris, 10mM EDTA) with addition of
40 ug/ml RNase A and 0.2ml alkaline lysis solution (8g/l NaOH, 1% SDS).
The lysis solution was kept at room temperature for 15min and 0.2ml 3M
NaOAc (pH 5) was added. The solution was then incubated on ice for another
15min and centrifuged at 4°C to collect the supernatant. The supernatant was
centrifuged again and the final supernatant contained mostly purified plasmid
DNA. Plasmid DNA was precipitated using ice cold 95% EtOH and
resuspended in TE buffer B (10mM Tris, 1ImM EDTA), and purified further
using the PCR product purification kit (Roche, Cat# 11 732 668 001).

4.5.3 In vitro recombinant protein expression

Thein vitro recombinant protein was expressed using the Rapid Translation
System RTS-10E. coli HY-Kit (Roche, Cat# 3 186 148) according to the
standard protocol. The following reagents were added in order into tubes on ice
to make a 50 lireaction:

12 | E. coli lysate

10 d reaction mix

12 g amino acids mix (without Methionine)
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1 d Methionine
5 d reaction buffer

10l plasmid DNA (0.5ug GFP or Gp8d1 plasmid DNA) or distilled.® (-

control)
The reaction mixtures were then incubated at 30°C with shaking at 150 rpm for
6 h. After the reactions were finished, the reaction mixtures were centrifuged at
10000 rpm for 5min at 4°C and precipitants were isolated from supernatant.
The precipitants were then resuspended in protein-RNA binding buffer (20mM
Tris, 20mM MgC}, 300mM KCI, pH 7.5) and stored at -20°C.

Aliquots of the resuspended precipitants and supernatants were analyzed by
10% SDS-PAGE. (10% resolving gel, 6% stacking gel, running at 120V in
Tris-glycine buffer and stained with Bio-Safe Coomassie stain (BioRad, Cat#
161-0786).

4.5.4 In vitro RNA transcription

In vitro RNA transcription was done using T7-RNA polymerase (Invitrogen,
Cat# 18033019). The reaction mixtures were assembled in two steps at room
temperature. First, pl 10x reaction buffer, 7l 20mM rNTP mix (with 20uCi
of *P-UTP added for making radio-isotope labelled RNAs)ul5DNA
template from PCR were mixed and the volume was adjusted fo. 4he
mixture was incubated at 37°C for 1 h and 1 unit of RNaseOUT and 1 unit of
T7-RNA polymerase were added. The reaction continued at 37°C for 2 h, and
the DNA template was digested by addition of 1 unit of DNasel. The RNA
product was extracted with phenol:chloroform (5:1, pH 5) and then chloroform
and precipitated by ice cold 100% EtOH.

4.5.5 Affinity capturing of proteins with ability to bind U5- and U1l-snRNA
candidates

Thein vitro transcribed U5-snRNA candidate was first extended -ah@'
using Poly-A polymerase (Invitrogen, Cat# 18032029). The reaction mixture

was assembled on ice as following:
20 (I 5x reaction buffer (50mM Tris-HCI pH 7.9, 250mM NacCl, 0.5mg/ml BSA)
40 4 25mM MgCh,
10 d 25mM MnCh
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10 4 10mM ATP

18 U RNA in H,0O

1y 1 unit/ d RNaseOUT

1y 5 unit/ g Poly-A polymerase

The mixture was then incubated at 37°C for 30 min and the RNA was
extracted by phenol and chloroform and precipitated in EtOH, and finally
resuspended in RNA-protein-binding buffer.

The Poly-A tailed RNA was heated to 85°C for 2 min and cooled down
gradually to allow folding, and then incubated with 50mM biotinylated oligo-
dT[20] primer at 37°C for 10min in streptavidin-coated PCR tubes. The liquid
was then aspirated from the tubes, which were washed twice with washing
buffer 20mM Tris-HCI pH 7.5, 500mM NaCl, 1mM EDTA, 0.01% Triton X-100).

20 ul in vitro protein expression mixtures (resuspended precipitants of the
negative control, GFP and Gp8d1) were added to the streptavidin-coated tubes
and incubated for 20 min at 37°C. Then the liquid was taken out and the tubes
were washed 3 times with washing buffer.

Finally, 20 ul 1xSDS loading buffer was added to the tubes, which were
transferred into 95°C heating block and incubated for 5min. Theul20
solutions were loaded onto a 10% SDS-PAGE.

4.5.6 Gel shift assays with radio-isotope labelled RNAs

The in vitro transcribed *P labelled U1l- and U5-snRNA candidates
resuspended in protein-RNA binding buffer were heated to 85°C for 2 min, and
then cooled down gradually for folding. 10 in vitro protein expression
mixtures (resuspended precipitants of negative control, GFP and Gp8dl) were
added into 5ul Ul- and U5-snRNA candidates on ice. The mixtures were
incubated at 37°C for 1 h before loading on to 8% native polyacrylamide gel.
The gel was then run at 150V for 3 h. After running, the gel was transferred
into the dark room, covered by an X-ray film (Kodak) and the gel-cassette was

left standing overnight at 4°C. The film was developed the next day.
4.5.7 Reverse transcription (RT) PCR

All the RT-PCR reactions were performed using the Thermoscript cDNA
synthesis kit (Invitrogen, Cat# 11146024). Total RNA treated with DNase was
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mixed with the corresponding reverse primer and dNTPs. The mixtase w
heated to 85°C for 2 min and cooled down gradually. Then a mixture of
reaction buffer, RNaseOUT and reverse transcription enzyme was added in. All
RT reactions were carried out for 1 h at 55°C and heated to 85°C to inactivate
the enzyme. 2uRT reaction was taken out to serve as the template for
downstream PCR reaction. Results were analyzed on 2% agarose gels. Primers

used for testing expression of the U2, U4 and U6 snRNA candidates are listed

below:
U2 cand 1 F CTATATGATGACTATTAATAGTAAGTTTAAAGA
U2 cand_1 R GTTGCTTCTAATATATAGTGAGGGA
U2 cand 2 F ACAGCTGCATTGAACAATAGTTTCT
U2 cand 2 R CAAGGCGACTATCCTAGTTG
U2 cand_3 F TCA CCT CAC ATG ATT TGG TGA
U2 cand 3 R TACATTTCTGCGGGGAGTCT
Likely U6 F | AGTGTCCGGGAACAAGTGAG
Likely U6 R | TAGGGTCTGAGTACCACGAC
Likely U4 F | TATTGCGAGAAAACCCTCTTAG
Likely U4 R | CCCACAAAAATTCGACACCAC
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Chapter Five — Unusual ncRNAs@iardia and the
putative RNAI pathway

Abstract:

A number of transcribed dsRNAsGiardia raised my interest to further look into their
unusual features. Double-stranded RNAs are known to be involved with gene silencing
mechanisms in various eukaryotic organisms. Recent biochemical studies have
characterised Dicer: the key protein component of RNAiI mechanism@Giandia. This
finding reinforces the earlier suggestions ti@ardia uses RNAI to regulate gene
expression. HoweveGiardia endogenous RNAs which are possibly involved in gene
silencing have not yet been identified. In this chapter, several long tandem repeats of
dsRNAs have been observed to be highly transcribed, and some of them undergo self-
cleavage at the presence of divalent metal ions. The repeating units of these repeats are
homologous to part of the large number of VSP (variant surface protein) genes that are
expressed on the cell surface. The transcriptional patterns and sequences of these novel
dsRNAs are then analysed. They are likely to be candidates of Dicer protein substrates,
although further verification is still needed. In addition, my earlier study discovered a
truncated transcript of the Dicer mRNA, which led to investigations of the individual
RNase Il domain of Giardia Dicer protein. The overall view of the possible RNA-induced

silencing in Giardia is also reviewed.

5.1 Introduction: the mechanism of dsRNA-induced gene silencing

and RNAiI in eukaryotes

Since its discovery in 1998 (Fire et al. 1998), RNA interference (RNAI) has
been found in a variety of organisms including animals (Collins and Cheng
2006), plants (Gazzani et al. 2004) and protists (Ullu et al. 2004), and is
implicated in a wide range of gene silencing mechanisms including down-
regulating mRNA levels (Sen and Roy 2007), heterochromatin assembly and
maintenance (Grewal and Elgin 2007), DNA elimination (Collins and Cheng
2006), promoter silencing (Morris et al. 2004), developmental control (Chan et

al. 2006), and up-regulation of transcription during the cell cycle (Vasudevan
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et al. 2007). The key elements that guide all the above procassesnall
RNAs with size ranges of 20-26nt.

Three major types of small RNAs associated with RNAiI have been
extensively studied: short interfering RNAs (siRNASs), repeat-associated short
interfering RNAs (rasiRNAs) and microRNAs (miRNAs) (Meister and Tuschl
2004). In nature, endogenous dsRNAs are produced by hybridization of
complementary RNA transcripts, especially from repetitive sequences such as
transposons (Meister and Tuschl 2004). These RNAs are processed to give
siRNAs and rasiRNAs and are generally involved in mRNA degradation or
chromosomal modifications. There is a possibility that the self-cleaving
dsRNA reported in this chapter is a new or modified form of RNAIi. miRNAs,
which wusually function as translational repressors, are produced from
transcripts that contain 20- to 50-bp complementary or near-complementary
inverted repeats that fold into hairpins. There may well be other forms of RNAI,
and recently up-regulation of mMRNA expression has been found at stages in the
cell cycle (Vasudevan et al. 2007). Recently another type of small RNA named
piRNA (Lau et al. 2006) has been found in animals (Aravin et al. 2006;
Brennecke et al. 2007; Houwing et al. 2007). piRNAs function in transposon

silencing in a similar way to RNAI (Hartig et al. 2007).

RNA interference was first recognized as an anti-viral mechanism to protect
organisms against RNA viruses and also to prevent random integration of
transposable elements (Waterhouse et al. 2001). Natural siRNAs have
predominantly been found in plants and guide cleavage of complementary
MRNAs. miRNAs are mainly found in animals and function predominantly to
inhibit translation by targeting partially complementary sequences at the 3'
untranslated regions (UTRs) of mRNAs. Finally, artificial long dsRNAs or
SsiRNAs have been used as tools for inactivating target gene expression in both

cultured cells and living organisms.

Maturation of small RNAs involves multiple steps catalysed by dsRNA-

specific RNase-llI-type endonucleases Drosha and Dicer, which generally
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contain the catalytic RNase-lll domains and dsRNA-binding domains
(Bernstein et al. 2001; Lee et al. 2003). Drosha is specifically required for
processing MiRNA precursors but not long dsRNAs (Lee et al. 2003). The
processed or unprocessed precursors are exported from the nucleus to
cytoplasm by the nuclear export receptor, exportin-5 (Bohnsack et al. 2004).
Once in the cytoplasm, the precursor RNAs are further cleaved by Dicer to
give short dsRNAs of 21- to 26-nt with phosphates and 2-nt 8verhangs

(Lee et al. 2003).

Figure-1: RNA-induced silencing pathways Three general pathways of RN?‘
induced silencing are known. Lojg
[TIITITT1] \\H\QdSRNA
precursor dsRNA precursors are procesﬁed
Dicer and Dicer-like by Dicer-family proteins. Thé(
exonucleases
PTIII products are subsequenqu

unwound and enter differerrt
effector complexes: RITS (RNﬂ-

induced transcriptional siIencingP,

P

—P ——P MIRNA RISC (RNA-induced silencin$
rasiRNA mMiRNA/SiRNA

complex, or miRNP (mw

%'TS RISC \miRNP Ribonucleoprotein). In animals*r,

siRNAs or miRNAs guide cleavaqe

—
m MG KT, A 7mG6ﬂOHAAAAA of homologous mRNASs, where%s

Chromatin mRNA cleavage mMiRNAs also guide inhibition OT

modification Translational repression translation. In addition rasiRNAF

‘ guide chromatin modification, which leads to condgios of heterochromatin. ‘

Dicer homologues have been found in most eukaryotes including deep-
branching unicellular parasites suchGisrdia and Trichomonas (Finn et al.
2006). Some organisms, such®sophila andArabidopsis, have more than
one Dicer paralogue, which process dsRNA precursors of different origins (Lee
et al. 2004).

After cleavage by Dicer in the cytoplasm, the short dsRNAs are then
incorporated into ribonucleoprotein particles which assemble the RNA-induced
silencing complex (RISC) (Hammond et al. 2001b). The components of RISC

vary between organisms, and have a molecular mass ranging from 130 - 160
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kDa in human (Martinez and Tuschl 2004) and up to 500 kO2rasophila
(Pham et al. 2004). However, every RISC contains a member of the Argonaute
(Ago) protein family. The assembly of RISC also requires energy-driven
unwinding of the siRNA or microRNA duplexes plus conformational changes
of pre-assembled RNPs. Several ATPases have been implicated in RNA
silencing mechanisms, and one DEAD-box RNA helicaseDinsophila:
Armitage has been characterized in detail (Tomari et al. 2004). Naturally
occurring small RNAs show a strong bias for only one strand accumulating
into the RISC (Schwarz et al. 2003), possibly caused by the rate-limiting
unwinding step, which allows the weakly-paireeebd of the dsRNA to enter
RISC first.

The single-stranded siRNA or miRNA in the RISC is strongly bound to the
Ago protein (Martinez and Tuschl 2004). Ago proteins are characterized by
two conserved domains: the PAZ domain and the Piwi domain (Carmell et al.
2002). The Piwi domain has been shown to interact with Dicer (Tahbaz et al.
2004), and the crystal structure of an archaeal Ago protein showed that the
Piwi domains is strikingly similar to members of the RNase-H family (Song et
al. 2004). Since RNase-H cleaves the RNA strand of RNA/DNA hybrids, it
has been suggested that the Ago proteins may cleave the target RNA as the
SsiRNAs guide the RISC to the cleavage positions. The PAZ domain was also
shown to be involved in protein-protein interaction with Dicer as Ago proteins
co-immunoprecipitate with Dicer (Hammond et al. 2001a). More biochemical
and structural studies indicated that the PAZ domain is an RNA-binding
domain that specifically recognizes the terminus of the short dsRNAs
processed by Dicer (Ma et al. 2004). Hence, the PAZ domains of many Dicer
proteins have been suggested as a docking place for long dsRNAs. However
the way in which single-stranded siRNA or miRNA binds to the Ago protein

after unwinding is not fully understood.
In some organisms such #eurospora crassa (Forrest et al. 2004)C.

elegans (Smardon et al. 20005 pombe (Martienssen et al. 2005) and plants
(Gazzani et al. 2004), an RNA-dependent-RNA-polymerase (RdRp) is also
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essential for dsRNA-triggered gene silencing. The RdRp is litcelyse the
SsiRNA as primers and convert the target RNAs into dsRNAs and a second
wave of gene silencing is initiated. However, RdRp is not found in insects and

mammals.

In 1998, it became clear that the unicellular prdirgpanosoma brucel have
the machinery to degrade mRNAs upon exposure to homologous dsRNAs
(Ngo et al. 1998). RNAI has been extensively used to down-regulate gene
expression inl. brucel (Tschudi et al. 2003). The mechanism of RNAITIn
brucei is essentially the same as that of other eukaryotes. Dicer activity was
detected in cell-free extracts at bruce (Ullu et al. 2004), and later an
unusual Dicer-like protein with distinct RNase-Ill domain arrangement was
identified (Shi et al. 2006)T. brucei genome also contains one protein
homologue (TbAgol) of the Ago gene family (Finn et al. 2006). Biochemical
studies showed that the TbAgol was a cytoplasmic protein and it bound
directly to siRNAs (Shi et al. 2004). The TbAgol1-siRNA complexes have been
found to associate with translating ribosomes (Djikeng et al. 2003), and it was
proposed that the association between the TbAgol-siRNA complexes and
polyribosomes could facilitate recognition of target mMRNA by RISC (Djikeng
et al. 2003). An alternative pathway suggested that the TbAgol-siRNA
complexes might also directly associate with ribosome-free mRNAs and the
cleavage reaction was not dependent on the interaction between translation and
RNAI machineries (Ullu et al. 2004).

The evidence above indicated that SIRNAs cloned ffobrucel contained a

high proportion of sequences derived from retro-transposons, suggesting that
the RNAI mechanism if. brucel acts as a genome-wide defence to silence
retro-transposons (Djikeng et al. 2001). Inhibiting TbAgol led to complete
disappearance of retro-transposon-derived siRNAs and increase in transposon
levels (Shi et al. 2004). Therefore, it was suggested that the RNAi machinery in

T. brucei might function in chromatin remodellifigUllu et al. 2004) because

* Chromatin remodelling: dynamic structural changes to the chromatin occurring throughout
the cell division cycle, so that certain regions of the chromatin can be loosened and exposed for
active transcription and others condensed.
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retro-transposons are usually found in heterochrofmagigions. This is also

the case inS pombe (Volpe et al. 2002). Furthermore, the existence of an
RNAiI mechanism inT. brucel has also been suggested by the finding of
dsRNA homologous to snoRNAs, and that these dsRNAs could induce specific
silencing of the corresponding snoRNAs (Liang et al. 2003). The studies of
RNAI in T. brucei led to more investigation of possible RNAi mechanisms in

other unicellular parasites, representing deep-branching groups of eukaryotes.

Several protozoan parasites have been subjected to extensive study in
searching for evidence of RNAi in these organisms. In case of the
Trypanosomatid family, RNAI activity was found infl. congolense, but not in
T. cruzi andL. major (Ullu et al. 2004). However, database searching has
revealed a protein with a solo Piwi domain frd@mbrucel, L. major, T. vivax
andT. cruz (Ullu et al. 2004). Because the Piwi-domain containing proteins
are present even in organisms that may lack RNAIi, and also in certain
prokaryotes (Cerutti et al. 2000), their functions may not be related strictly to
gene silencing and still remains unknown. In specie®lasmodium, the
presence of RNAI is uncertain. Database mining (Finn et al. 2006) for proteins
with domains homologous to Dicer, Paz, Piwi and RdRp did not identify
candidates in any of thBlasmodium species, despite evidence showed the
accumulation of siRNA-like molecules iR. falcparum cells treated with
dsRNAs (Malhotra et al. 2002). However, the possibility of the existence of a

non-classical RNAI pathway in Plasmodiumis not ruled out.

The presence of RNAI has been apparent in the deep-branching eukaryote
Giardia. Detailed biochemical and structural studies have been carried out for
the Giardia Dicer protein homologue, showing that recombir@iairdia Dicer
could cleave dsRNA into 25nt short fragmeintsiitro (Macrae et al. 2006).

The latesGiardia genome (Morrison et al. 2007) contains protein homologues
for Argonaute and RdRp. In addition, earlier studies have shown the presence
of 20-30nt long RNAs derived from sense and antisense sequences of the

abundant retrotransposon elementsiardia (Ullu et al. 2005), and there is

* Heterochromatic region: Regions of chromosome that are tightly coiled throughout cell cycle,
and for the most part, genetically inactive.
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unpublished indication that RNAi might be involved in controlling expression
of the variant-specific surface proteins (VSPs), and also that the function of
RdRp was important (Ullu et al. 2004). The transcriptom@&iafdia contains
numerous sterile antisense transcripts as shown by random cDNA sampling
(Elmendorf et al. 2001). It is not yet known whether antisense and
retrotransposon transcription is an integrated component of the potential RNAI
mechanism inGiardia, but the presence of the unusual RNA transcripts
reported above strongly suggests special molecular machinery of early-

branching eukaryotes.

Following the analysis of the cDNA library discussed in Chapter 3, several
unusual ncRNAs with potential functions in RNA-induced silencing were
discovered in this study and named Girep RNAs (abbreviatioGiafdia
repetitive RNAS). These sequences consist of seven to eleven dimeeirta
repeats and are transcribed at both sense- and antisense- directions, therefore a
fraction of these transcripts are likely to form long dsRNAs in vivo. In addition,
regions within these transcripts are homologous to a number of VSP genes
which are believed to be regulated by a putative RNAI mechaniganailia
(Ullu et al. 2004). Sequence and structural comparison shows highly conserved
regions within these transcripts, however no sequence homology to ncRNAs
from other organisms has been observed. Four out of the five Girep RNAs
undergo clear self-cleavage at the presence 6f,Mgd this unusual feature is
currently not fully understood. To get an overview of the putative RNAI
pathway inGiardia, protein components of RNAI were studied by comparing
the putativeGiardia proteins with homologous proteins from eukaryotic and
prokaryotic organisms. From analyses it appears that the reduced number of
functional motifs on a single protein is a common feature of proteins from
single-cellular eukaryotesGiardia and other deep-branching eukaryotes
exhibit strong similarity with archaea at the protein level, and it is expected that
complex RNA-processing pathways such as RNAi in deep-branching
eukaryotes involve more dynamic protein-protein interactions. Finally, a
truncated Dicer transcript found at early stages of this study shows a number of

unusual features, and a small follow-up study was carried out.
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5.2 The unusual ncRNA repeatsGrardia

The previous study of ncRNAs froGiardia (Chapter-2) has revealed a
number of unusual ncRNAs. A fragment of the variant-surface-protein (VSP)
seen in theGiardia ncRNA library (Chen et al. 2007) raised the question of
this fragment being the product of the putative RNAi gene silencing
mechanism inGiardia. VSP gene expression is is crucial for the surface
antigenic variation ofsiardia trophozoites (Nash et al. 1988). The sequences
and structures of VSP proteins are highly similar, however in a single
trophozoite only one VSP is expressed out of a total of 150 to 200 VSP genes
(Nash et al. 2001). The mechanism underlining VSP switching is unknown
although both RNAI (Ullu et al. 2004) and epigenetic mechanism (Kulakova et
al. 2006) involving histone acetylation/deacetylation have been suggested. A
number of studies have suggested the potential presence of RNAIi pathway in
Giardia in various aspects, which include the earlier prediction of RNAI in
Giardia (Ullu et al. 2004), the expression study of the Dicer protein (Macrae et
al. 2006), and the study of sense and antisense small RNAs derived from

telomeric repeats (Ullu et al. 2005).

Blasting the fragment of the VSP fragment from the ncRNA library against
Giardia genome has revealed one unusual long tandem repeated sequence
(Girep-1) (Chen et al. 2007) in ti&iardia genome. Re-blasting this Girep-1
sequence in th&iardia genome then identified a group of similar sequences
(Girep-1 to Girep-5). This group of Girep sequences are all direct-repeat
sequences located at different positions of the genome. In addition to the long
tandem repeats, there are also a number of shorter homologous sequences
located at non-coding regions of the genome. RT-PCR showed that these repeat
sequences were all expressed on both sense- and antisense- strands (Figure-2a).
With exception of the antisense strand of Girep-1 being a hypothetical mMRNA
transcript (GL50803 227577), all the other Girep sequences are non-coding.
Genomic information of the five long-tandem repeated sequences studied here

are listed in Table-1.
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Table-1: Expressed direct-repeat sequences in Giardia

Name Number of repeating Length of repeating | Location

units unit
Girep-1 | 9 222 Contig2: 327758-328858
Girep-2 | 9 222 Contig2: 392343-393229
Girep-3 |7 228 Contig54: 1296-2416
Girep-4 | 8 228 Contig111: 1-1810
Girep-5 |11 225 Conting98: 1644-

Contig50: 735

Figure-2a : RT-PCR results of Girep-1 and Girep-2 to -5
RT-PCR for Girep-2 to -5

RT-PCR for Girep-1

1: RT-PCR sense strand

2: RT-PCR antisense strand
3: + control (genomic PCR) A: - control B: + control (genomic PCR)

4: - control C: RT-PCR sense strand D: RT-PCR antisense strand

From the figure, it is clear that at least one of each of the Girep sequenitassmebed
at both sense and antisense strands, indicated by the RT-PCR. The products of RT
and + control PCR all have multiple bands, indicating the tandem repeating pattern
Girep sequences.

Figure-2b: ClustalVV aligment of Girep sequences
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Sequence alignment of all Girep candidates (Figure-2b) revealediemide
homology among the five sets of sequences, and also shared motifs between
sequence pairs, with Girep-2 and Girep-3 being a closely related pair and
Girep-4 and Girep-5 being another. The shared sequence motifs and tandem-
repeated pattern suggest that these ncRNAs belong to one group. All five Girep
sequences show close relationship with a number of VSP genes. Genomic
BLAST results indicate that each of the Girep sequences contains sequence
fragments that correspond to several VSP genes. The patterns of sequence
match are variable, but all involve the repeating units of Girep sequences being
partially homologous to repeating units of VSP genes (Figure-3). The details of

matching between Girep sequences and mRNAs are shown in Table-2.

It appears that each of the Girep sequences has more than one match to
different VSP genes or to other open-reading frames that are not yet
characterised. This is likely due to the high degree of sequence similarity
among members of the VSP gene family. The matching pattern between the
Girep RNA sequences and VSP genes suggest that the function of these
unusual RNAs may relate to regulation of VSP gene expression.

Figure-3: General pattern of matching between a Girep sequence and a VSP mRNA

Girep-1: 9 direct tandem repeats

222nt

a

Alignment of Girepl repeating unit to VSP:
GL50803_112207 mRNA repeating unit

21 CCGGCTGTGCGACGTGCACAACGACTGGGAGCGAGC-AGACCTGCACAAGCTGTGCGACG 79

TR Ly (o TR
806 CGGGCTGCGCGACCTGCACCCCGGC-GGGCTCCAGCCAGACGTGCCTCACCTGCACCACT 864

80 GGCGGAG-AGAAGGTCAGGCCGGACAAGAAGGGCTGCATC-CCGCAGTGCCCTCCTGACG 137

F T TNROE TR LT A v
865 T-CGTCGCATAAGATCAGGCCGGACGAGAAGGGCTGCATCTCCG-AGTGCCCCGCGGACG 922

138 TGAGCACAGAGAGCGGTGAGTTCTGCGAGTGCAAGAGCACGCACCAGCCCTCGCCGGACG 197

1L L LT T R
923 TGAGCACAGACGTCGATGGATTCTGCAAGTGCAAGAGCGGGTACACGCCGTCGACGAACG 982

198 GGCAGACGTGTGTCCCGAAGACAGG 222

UL T
983 GGCAGACGTGCGAGCAGAAGACGGG 1007

350 551! 578 779 806 1007 1034 1226
VSP:GL50803_137740

This figure shows the sequence alignment between the 222nt repeating unit of Girep-1
and the repeating unit of Giardia VSP gene (GL50803_137740). The two seqaences

highly homologous, indicating a strong relation between them.
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Each Girep sequence is homologous to more than one VSP gene. The homologous VSP

genes for each Girep sequences are listed in order so that the degree of homology

decreases from the top one to the last one in each cell. Overlapping of matches is common.

Girep VSP or hypothetical genes Sense/Antisense Number of
sequences repeated
matching units

Girep-1 VSP: GL50803_137740 Sense 4
VSP: GL50803_112207 Sense 2
VSP: GL50803_137717 Sense 4
VSP: GL50803_112693 Sense 3
VSP: GL50803_8595 Sense 1
Hypothetical: GL50803_87110 | Antisense 1
Hypothetical: GL50803_106057 Sense 1

Girep-2 VSP: GL50803_26894 Sense 1
VSP with INR: Sense 1
GL50803_101010 Sense 1
VSP: GL50803 8595 Antisense 1
Hypothetical: GL53803_87110 | Sense 1
VSP: GL50803_101496 Sense 1
VSP: GL50803_102178 Sense 4
VSP: GL50803_137740 Sense 1
Hypothetical: GL50803_99660 | Sense 1
Hypothetical: GL50803_38998 | Sense 1
VSP: GL50803_137681 Sense 1
VSP: GL50803 137721

Girep-3 VSP: GL50803_26894 Sense 1
VSP: GL50803_8595 Sense 1
Hypothetical: GL50803_87110 | Antisense 1
VSP: GL50803_101496 Sense 1
VSP with INR: | Sense 1
GL50803_101010 Sense 3
VSP: GL50803_112693 Antisense 1
Hypothetical: GL50803_13197 | Sense 4
VSP: GL50803_137717 Sense 1
VSP: GL50803 112647

Girep-4 VSP: GL50803_101010 Antisense 1
VSP: GL50803 26894 Antisense 1
VSP: GL50803_102178 Antisense 1
VSP: GL50803_137740 Antisense 4
VSP: GL50803_137717 Antisense 4
Hypothetical: GL50803_ 22757 Sense 1
(Girep-1 antisense transcript) | Antisense 1
VSP: GL50803_101496

Girep-5 VSP: GL50803_137717 Antisense 4
VSP: GL50803_137740 Antisense 4
VSP: GL50803_112207 Antisense 2
Hypothetical: GL50803_ 22757 Sense 9
(Girep-1 antisense transcript)
VSP: GL50803_101010 Antisense 1
VSP: GL50803 102178 Antisense 1
VSP: GL50803_101496 Antisense 1
VSP: GL50803 26894 Antisense 1
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As shown in Figure-3, the general matching pattern indicatesglay hi
homologous, however not completely complementary, alignment of the Girep
repeating units and the repeating units of a \g8ie. This is an updated result
from previous study (Chen et al. 2007). Both sense and antisense transcripts of
Girep sequences have matching mRNA partners, supporting the observed
sense- and antisense- transcription of Girep sequences. In all there are 18

MRNAs (Table-2) that have regions homologous to Girep sequences.

Searching théGiardia genome revealed additional sequences (not repeats)
that are homologous to the Girep sequences. It is highly likely that these
shorter sequences can match to additional VSP genes. Comparing Girep
sequences with the lateGiardia EST database (Morrison et al. 2007) has
revealed a large number of homologous hits. This observation suggests that
there may be a large portion of the total VSP genes covered by expressed

homologous non-coding sequences.

In order to look for potential promoter sequences that may reveal information
about the expression of these unusual ncRNAs, the upstream sequences at both
sense- and antisense- directions were extracted for all five Girep sequences.
Compared with the standafiardia Pol Il promoter consensus sequences of
cytoskeleton genes (Holberton and Marshall 1995; McArthur et al. 2000), the
upstream sequences from both sense- and antisense- directions do not show
either a conserved A-rich motif or a likely “TATA” box. Motif analysis does
not indicate any consensus regions either. By comparisons with the other
NncRNAs found inGiardia, this lacking of conserved upstream promoter
sequences is not unusual. Results in Chapter 3 show that the potential promoter
regions of ncRNAs irGiardia are highly variable and suggests the possibility
of many non-coding transcripts being generated by a loosely controlled

expression cascade.

Based on the observation of self-cleaving feature of two dsRNA datedi
Genie-1 and Girep-1 (Chen et al. 2007), the additional four Girep dsRNAs
(Girep-2 to Girep-5) have been tested for potential ability to self-cleave at the

presence of M. Results (Figure-4) show partial self-cleaving activity in three
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of the four candidates tested. Comparing with RNA incubated in estiO,
addition of Md" has caused partial self-cleavage of Girep-2, Girep-3 and
Girep-4 as shown in lane 3, 6, and 9. Addition of EDTA as a metal chelator
before addition of Mg prevented self-cleavage. Therefore the self-cleavage
observed is the result of Mgaddition. It is assumed that Kfgcauses change

of RNA-folding thus forming the structures facilitating self-cleavage. Girep-5
candidate did not show apparent self-cleavage, suggesting that self-cleavage
may not be a conserved feature of all tandem RNA repeafSiardia.

However, this might also due to other variable factors in sample preparation.

Figure-4 : Self-cleavage test of Girep dsRNA candidates

Girep-2 Girep-3 Girep-4 Girep-5
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A:RNAin H,O
B: RNA in Mg?* (2.5mM)
C: RNA in Mg?* (2.5mM) with addition of EDTA (50mM)

In vitro transcribed RNAs were heated to 80°C for 5 min and cooled down gradually at
the presence of M§as required for individual sample at room temperature. The reactions

were incubated at 37°C for 1 h and loaded onto 6% denaturing PAGE with 7M.omea

range RNA ladder (Fermentas) was used as the size marker.
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It has been shown that the Girep-1 RNA only self-cleaves when bofies
and antisense- strands are present at the same time (Chen et al. 2007). This
should hold true for all Girep RNAs because they belong to the same class.
However,in vitro assays cannot always represent the true situatowso.
The role of dsRNAs has only been found to provide substrates for Dicer
protein and subsequently acting in RNAI gene silencing mechanisms to
suppress homologous gene expression. It is possible that Girep sense- and
antisense- transcripts bind to form long dsRNAs, which are processed by
Giardia Dicer protein. If this is the case, the amount of sense- and antisense-
transcripts should be roughly level. However in Figure-2a, it can be visualized
that the amounts of sense- and antisense- RT-PCR products derived from same
amount of RNA are obviously not equal at least for Girep-1 and Girep-2. This
observation shows that although some of sense- and antisense- transcripts may
interact to form dsRNAs, whereas the excess ones may function as single
stranded RNAs, which may regulate expression of various VSP genes through

a yet uncharacterised antisense mechanism.

Structures generated using RNAfold (Hofacker 2003) of the sense- and
antisense- RNAs of Girep-1 to Girep-5 can fold into extensive helices
(Appendix-4). The current RNA-folding software algorithms only give putative
RNA structures with minimum free energy, and may not represent thentrue
vivo folding of RNA. However, computational prediction of RNA structures is
an efficient way for comparing structural similarity among different RNAs.
Figure-5 shows the folding of Girep-2 and Girep-3, which are the most closely

related pair from the alignment of all Girep sequences (Figure-2a).

As shown in the following figure, the putative structures of the
complementary RNA transcripts are different. Therefore it is likely that the
sense and antisense transcripts do not completely complement each other to
form DNA-like dsRNA or symmetrical structuras vivo, insteadin vivo
folding of these RNAs can be variable with some sense and antisense segments
binding together and other regions may remain as helices. In addition, the
shared sequence motifs among Girep RNAs are likely to fold in to the same
helical structure as indicated by red boxes in Figure-5.
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Figure-5 : Example structures of Girep sense and antisense transcripts
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The structures are predicted by RNAfolthe red boxes indicate helices formed |by

conserved sequence motif of Girep-2 and Girep-3 RNA.

Sequences of the Girep RNAs identified here do not show sequence similarity
with other known eukaryotic ncRNAs from BLAST (Ye et al. 2006) search
against either the current NCBI (http://www.ncbi.nim.nih.gov) or Rfam
(Griffiths-Jones et al. 2005) databases. However there is one report from a
study of RNAs fromLeishmania infantum (Dumas et al. 2006), where a class
of ncRNAs ranging from 300 to 600 nucleotides were identified, that were
expressed as tandem head-to-tail repeats, and were involved in developmental
regulation. These ncRNAs froln infantum are transcribed at both sense- and
antisense- orientations and are encoded as clusters of 270bp repeats (Dumas et
al. 2006). The same study also showed that similar repeated sequences existed
in different Leishmania strains at relatively similar chromosomal locations;

however no expression was detectediLfomajor. So far the_eishmania study
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is the only report on expression of repetitive ncCRNAS, apart fronptiisent

study on Giardia.

Repetitive ncRNAs have not been widely found in eukaryotes. However the
current knowledge on eukaryotic ncRNAs does not exclude the possibility that
similar RNAs exist in other eukaryotes. The functiorGodrdia Girep RNAs
is yet unknown, but the homology between Girep RNAs and VSP genes gives a
hint that these RNAs are likely to be involved in antisense or RNAI regulation
of VSP gene expression, which is probably important in the development of

Giardia.

The following section discusses the putative RNAIi pathwayGiardia.
Functional characterization @iardia Dicer protein (Macrae et al. 2006) has
led to further investigation of the RNAI pathway. So far the native RNA
substrates for Dicer have not been identifie@Giardia, but it is highly likely
that some of the currently known putative dsRNAs including Genie RNAs
(Ullu et al. 2005) and Girep RNAs discussed above are processedhtulya
Dicer protein. In additionGiardia also has most of the RNAi-associated
protein components which are highly conserved in eukaryotes (see next

section).

5.3 Protein components of the putative RNAI pathwa@iardia

Apart from the well characterize®Giardia Dicer protein, other protein
components of the potential RNAI mechanism Grardia have not been
studied. A large number of proteins, which act in different levels of small-RNA
induced gene-silencing have been identified from animal, insects and plants, as
shown in Table-3. Unicellular eukaryotes tend to have a smaller number of
protein homologues. For examplg, brucei only possesses one Ago protein
whereas human has 4 homologues, each of which is likely to have slightly

different functions.
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My search of the protein-coding genes Gfardia by protein-domain
homology revealed several proteins containing the characteristic domains
described above. It is clear th&ardia contains most of the key protein
components required for small-RNA induced gene silencing. However it is not
certain that whether the Piwi-domain containing protein has the equivalent
function to an Ago-family protein. Database mining has revealed a unique class
of proteins which, unlike Ago-family proteins, only contain the Piwi domain
without the PAZ domain. The existence of these Piwi-domain containing
proteins as a distinct class suggested that these Piwi proteins have separate
functions to the Ago-family proteins. A number of studies showed that Piwi
proteins bind to a distinct group of small RNAs termed piRNAs (Aravin et al.
2006; Lau et al. 2006; Brennecke et al. 2007; Houwing et al. 2007). Recent
studies suggested that Piwi proteins and piRNAs have roles in germ-line
maintenance and silencing of transposons (Brennecke et al. 2007; Houwing et
al. 2007; Seto et al. 2007). Therefore it is likely that the putative Piwi protein in
Giardia differs in function to the classical RNAi mechanism.

Table-3: Conserved key proteins in small-RNA induced gene silencing.

Protein Characteristic | Functions Giardia homologue
domains
Dicer and PAZ, RNase Ill | Long dsRNA Dicer (Macrae et al. 2006)
Dicer-like processing (GL50803_103887)
proteins
Argonaute and| PAZ, Piwi Short RNA binding | None (However a protein with
Ago-family a solo Piwi domain is
proteins present.GL50803_2902
putative Piwi protein)
Putative RNA | DEAD-box RISC assembly 32 proteins have the
helicases putative DEAD domain
RNA- RNA RNA amplification | Putative RARp
dependent polymerase (GL50803_102515)
RNA
polymerases
(RdRp)
Other factors | Other domains
(variable
across
different
organisms)
dsRNA-binding | RISC assembly anc weak hits generated from
initiation of RNAI HMMsearch, may be absent
Exonuclease siRNA degradation| positive
DNA helicase | Unwinding DNA positive
Chromo Heterochromation | weak hits generated from
association HMMsearch, may be absent
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It is certain that RdRp is present @iardia, which is one of a few
unicellular parasites with homologues of RdRp found. RdRp is not a universal
component of the RNAI pathway, and is absent in mammals. The other factors
in Table-3 (last of the first column) are mostly organism-specific and are

accessory factors for specific silencing mechanisms.

Unlike higher eukaryotes, the components of classical small-RNA induced
silencing are reduced to various degrees in unicellular and deep-branching
eukaryotes. Comparison of key proteins of RNAi from a number of unicellular
eukaryotes does not show a universal pattern. Proteins from several deep-
branching eukaryotes with RNase Ill domains, PAZ and Piwi domains were
obtained from Pfam (Finn et al. 2006). They were then compared with models
of animals, e.g. human as an example, as well as some bacteria and archaea
(Figure-6 and 7). It is interesting to notice that although there has been no
evidence of RNAiI mechanism in. major (Ullu et al. 2004), a protein with
single RNase Ill domain is present, as well as a Piwi-domain containing
protein. In most Dicer homologues, the two RNase Ill domains are arranged
close to each other. In eukaryotes, Dicer functions as an intramolecular dimer
of the two RNase Il domains, assisted by the PAZ domain and dsRNA-
binding domains (Zhang et al. 2004; Macrae et al. 2006). An unusual
arrangement of RNase Il domains is seeff.ibrucel (Shi et al. 2006), where
one RNase Il domain is located near the N-terminus and another is located at
middle of the protein. It appears that the PAZ domain and dsRNA-binding
domain are not absolutely required for RNase Ill activity in single-celled
eukaryotes, suggested by the absence of PAZ domaifrypanosome,
Dictyostelium and Trichomonas. Similarly dsRNA-binding domain is also

absent in the Dicer-like proteins of most protists.
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Figure-6 : RNase lll-domain-containing proteins from various organisms

Protein domains
Protein ID @ RNase lll dsRNA-binding domain (il PAZ domain
DEAD-box helicase domain

Q4QCV6_LEIMA 5

Q57XF2_9TRYP —

Q57XV6_9TRYP -

Q957G5_DICDI  — -8

QssQWe GIALA S

A2F201_TRIVA T —

DICER_HUMAN — L &l —a 0

RNC_ECOL6 - -

Full names of proteins and organisms:

Q4QCV6_LEIMA: RNA-editing complex protein mp90 (ptite nucleasel.eishmania major
Q57XF2_9TRYP: Dicer-like-Trypanosoma brucei

Q57XV6_9TRYP: RNAI related proteifirypanosoma brucei

Q95ZG5_DICDI: Putative RNase IDictyostelium discoideum

Q86QW6_GIALA: Putative bidentate RNase @Glardia lamblia

A2F201_TRIVA: RNase lll-domain containing protéinichomonas vaginalis
DICER_HUMAN: Endoribonuclease Dicétomo sapiens

RNC_ECOLG6: Ribonuclease IHscherichia coli

Mutation studies of human Dicer protein showed that deletion of the dsRNA-

binding domain made Dicer’s interaction with the substrate more dependent on

the specific structural features of the binding interface, also that mutations in

the PAZ domain strongly inhibited Dicer activity (Zhang et al. 2004).

Compared with human Dicer, structural studiesGoérdia Dicer indicated

similar PAZ domain structure and RNase Ill-domain arrangement in the active

centre (Macrae et al. 2006). The overall conservation of domain structures and

also the fact thaGiardia Dicer can substitute fos pombe Dicer in vivo

(Macrae et al. 2006) suggest that Dicer catalysed dsRNA cleavage is a

conserved mechanism in eukaryotes.

155



Chapter-5

Recent studies dbiardia Dicer with site-directed mutagenésievealed that
the PAZ domain could be replaced with other RNA recognition domains,
which could direct Dicer protein to specific substrates (Macrae et al. 2007).
This finding provides a possible explanation to the absence of PAZ domains in
some Dicer proteins, including the putative Dicer proteins from several protists
shown in Figure-6, as well as Dicer frdgnpombe andT. thermophila. It is
likely that either these proteins may contains yet unrecognised RNA-binding
motif, or other proteins with PAZ domains may interact with the RNase IlI-
domain containing proteins and direct cleavage of target RNAs. The latter
assumption is supported by the fact that the nuclear RNase Il enzyme Drosha
interacts with DGCR8-RNA-binding protein, which provides direct and

specific recognition of miRNA precursors (Han et al. 2006).

As shown in Figure-6, the RNase Il domain has a wide distribution across the
three kingdoms of life. The Dicer family of exonucleases generally contains
two RNase Il domains, which process the dsRNA substrate to give the siRNA
5'- and 3 ends, respectively (Zhang et al. 2004). The presence of RNA-
binding motifs such as the PAZ and dsRNA-binding domain provides
specificity of the enzyme. The structureG@ifrdia Dicer protein indicates that
Dicer acts as a ruler which measures from then® of the dsRNA substrate,
and the length of the siRNA produced is determined by the distance between
PAZ and RNase Ill domains (Macrae et al. 2006). However, some possibly
Dicer-related proteins in unicellular eukaryotes only contain one RNase IlI
domain, as seen in Pfam (Finn et al. 2006), such als. ttmgjor RNA-editing
protein and theT. brucei RNAi-related protein (Figure-6). Proteins with a
single RNase Ill domain are usually seen in fungi, bacteria and archaea. These
proteins function as homodimers (Nagel and Ares 2000), and form single
processing centres where each RNase Ill domain cleaves one strand of the
dsRNA substrate (Zhang et al. 2004). Tn brucei, the single RNase IlI-
domain-containing, RNAIi related protein (Q57XV6_9TRYP, Figure-6) is
enriched in nuclei whereas the Dicer protein (Q57XF2_9TRYP, Figure-6) is

predominantly cytoplasmic (Shi et al. 2006). The functions of single-RNase

* Site-directed mutagenesis: This technique creates mutations at defined sites on DNA
molecules, usually plasmids.
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[lI-domain proteins in eukaryotes are yet unknown, however it is litedy
variants of RNase lll-domain-containing proteins are involved in cleaving
different dsRNA substrates. Also, the reduced Dicer and putative RNAI-
associated proteins in unicellular eukaryotes may enable flexible association

with different RNA-binding domains to suit specific functions.

Unlike the RNase Ill exonucleases, the Ago protein family, characterised by
the RNA-binding PAZ domain and Piwi domain, is only found in eukaryotes,
suggesting that the Ago family of proteins is specifically associated with RNAI
mechanism. However while the PAZ domain is eukaryote-specific, the Piwi
domain is found in all three kingdoms of life, suggesting an early origin of
Piwi-family proteins before the divergence of modern life. As shown in Figure-
7, Piwi proteins are found in most of the organisms but Ago proteins are only
found in RNAI positive eukaryotes. The RNAi-negative L. majloes not have
an Ago protein homologue as expected. Howe@eardia does not appear to
have an Ago protein homologue despite strong evidence of RNAI. Instead,
there is a putative Piwi protein, which is the only Piwi-domain-containing
protein found in the genome. Aligning the putative Piwi domains from the Piwi
family proteins listed in Figure-7, including putative Piwi proteins from
eukaryotes, bacteria and archaea show low overall degree of sequence
conservation, but highly conserved secondary structure. It is shown in Figure-8
that the arrangement of helices and beta-sheets within Piwi domains from
various Piwi proteins are highly similar despite low conservation in primary

sequence.
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Figure-7 : PIWI-domain containing proteins from various organisms

s PIWI domain PAZ domain
Argonaute protein homologues PIWI proteins
L2C1_HUMAN —— —S—  Q9NXV9_HUMAN — -
Q4QCH4_LEIMA S
QBT6KO_9TRYP — - Q38C22_9TRYP S

Q86QW7_GIALA — -

Q7KWS3_DICDI S

A2DPV7_TRIVA —— - A2DXK9 TRIVA —— -

AOYYT3_9CYAN —— -
Q5P0R2_AZOSE — -

Q28951_ARCFU —— -

Full names of proteins and organisms:

L2C1_HUMAN: Argonaute-1Homo sapiens

Q6T6K0O_9TRYP: Argonaute-like proteinTkypanosoma brucei
Q7KWS3_DICDI: Similar toHomo sapiens Piwi-like 1Dictyostelium discoideum
A2PV7_TRIVA: Piwi-domain containing proteifrichomonas vaginalis
QI9NXV9_ HUMAN: Unknown proteirHomo sapiens

Q4QCH4_LEIMA: Piwi-like protein 1, Argonaute-like giein Leishmania major
Q38C22_9TRYP: Piwi-like protein Trypanosoma brucei

Q86QW7_GIALA: Putative Piwi proteiiardia lamblia

A2DXK9_TRIVA: Piwi-domain containing proteifirichomonas vaginalis
AO0YYT3_9CYAN: Hypothetical proteityngbya sp. pcc 8106 (Cyanobacterium)
Q5POR2_AZOSE: Hypothetical protefaoarcus sp. (proteobacterium)
Q28951 ARCFU: Hypothetical protefrchaeoglobus fulgidus (archaeon)
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Figure-8 : Secondary structural alignment of Piwi domains from various Piwi family proteins

1 mmmmmmmmmm e — oo HFTAIPAS SHPKKLH- - - E¥¢AQLEMRIATQFELNPLRGVDLRGELP
2 TAAVIVTHERETRILVRWMQAECLTRGILPLFVPPCASPKQQQ-— - LRCENIRLRLRTVFATDELRGVDLOREVP
1: Q4QCH4_LEIMA 3 -LIVVILPGKTP¥¥AEVKRVGDTLLGMATQCVQVKNVVKTSP---QTLSNLCLKINAKLGG - - IHNVLVPHQRP
4 FIICVLPDENSQLYSTLKIFLTSSLGIPSSFVIDESLVANKQSHDQIATDMCLSIICKTGG--——— VPFYVSPV
2: Q38C22_9TRYP 5 WTQCLLAPKS SQNELQW:DQAVLRSVCQQTYAKAGGAVWAP VLPPQHVY SKSTMLCALDI SRPKKTVGRE AEVE

— 6 GIMLVLPEYNTPLYYKLKSYLIN--SIPSQFMRYDILSHRNLI--FYVDNLLVQFVSKLGGKPWILNVDPEKGS
-IVLTFLPESDRHIDDTEDG SFY¥SFVSSRLIRRGISSQVIYEDTLKNPRNY SYILNQVIPGILAKLGNLPFILA
8 ---LLLIGLGRGADKRKIRNVAYRYGLATQFMRLDHPPRTYQS - TY¥NNLARGVFSKGGGVLCAIDDMPG -~~~

~

3: QINXV9_HUMAN
4: A2DXK9_TRIVA

VLGHPHVLVIGVDSCHTHT----— HSVGTIVGILSTPTESKELLSYFWRHDAR--GREAQHVAKHFRGILASAVA
5: Q86QW7_GIALA

1
2 AVAQRRVLLVGVDSCHTPT ———— VSTGSVVG ILCTAERNHLLP FFWKHERR —— GQEVELVSEHFEVLISRAME
3 SVYFQQPVIFLGADVTHPPAGDGKKP S TAAVVGSMDGHP SRYCATVREVQTSRQEISQELLY SQEVIQDLTHMVRE
6: Q28951_ARCFU 4 SLPLENTVFAGFEVSQTHV--—---—--— AMVASYDHIFARYLCKTESTTDVP - — - ——— AFFGHFFYNIH---AE
5 ISTAG--FISTYDGSFEYIYSQKKTLVPHRLHHGGELQQQTIMEAFIKNSCH-—--¥YLAFNHRILPDHIVIFRD
7: AOYYT3 9CYAN 6 DIIIGTGATRIDHVNLECFAMVEKKDGTMIWHEISPIVTSSEYLTYLKSTIK- - - KVWYGFKKSHPDWDVEKLT
- 7 KPLEIADYFIGLDISRTPK----- KRKSGSLHVCASVRLYGKYGEFIRYRLEDALTQGEE IDKRTLERFLP ARD
8: Q5 PO RZ AZO SE 8 ----ETDLFIGLDLGGVSQR----APGLAFLFTREGAQLGWQLAEAQRGERVEDAVLGDLLERSLQAYRQVHLG

1 LSGR--VDEVVVFQDGDVFSELVGVKEELTHOVENCGLTFHCLHKRCHVRAFMHASPGRDG S SATRSQASAAATA
2 LYDG--LDDVVVFQDGDVYSEMSAMQAHLPVG---C6FTEFACLHKRSDVRF VHEFRGEANTSGSK- - ———-— VA
3 LLIQ--FYKSTRFKPTRIIYYRGGVSEGQHKQ---VAWPELIATRKACTSTEEDYRPGITY IVWQKRHHTRLFC
4 RIVA--FTISLSPRDVRKIVDKIGSWCKS--------- LTVISASRKDGVVLLTDTE--—--——-—-—--——-—---
5 GVSDSQISATLEVEIKSLYECLRQIYHKSHRP --MCDLEVIVAQKTCAMRFSAVGG ————
6 LHVYSGKRPKMEDGETKILKETVEELKKQEMVSE - DVKYAILHLHETHPFWYMGDENNE - ——

7

8

LSGK---TVLIYRDGRFCEDE IKHLRERAKANG - - SKFILVECIKSGIPRLYEVQELTVK-——————-——-——-
ILPR- - -RIATHRDGR-LFESLDVIRNFERDYS - - VRVDVLEVVKSGCPPLYRRGYVAE - - —————————-——-

Helix

1 SHDVEKDDRDTNDFREDRNLHNLVKGVVIPALAPVPLHHQLAANSFYLOAHES SHSTA-RIVQYTVHHVSE-SL
Beta-sheet @& = 2 sewwwke-———————— TYVQALTIQRASEDPLLGH - AVHSFYLQHHDCETSTA-RTVQYTLYCTSP-TL
——————— KSGHVPACTTVDSTITHP SEFDFYLCSHAGIQGTS - RPSHYQVIWDDH-CF

7777777 RPQPAMAGSCYS---—--IHGSLFISCVSSGKDNA-RETHMYTVAYHYPRIW
- ---TVLRSGYIVINRSPD- - -HRQQGSEFLMASQAIVHGTTPKPIRYKI IFDSMEAS
——————— FHPYEGTKVKLS SKRYLLTLLQPYLKRNGLEMVTP IKPLSVE IVSDHWISE
,,,,,,,,,,,,,,,,,,,,,,, DEKKPILEAPPKGLALRLS SHEVMLVITEVESEKMGLPNPLELKVIPEEGQ
________________________ HKKAFRHPEVGDAFELPGLDELIIATY SGEELGS SWEDKVTVRPLRELEKR

1 D¥I----DWQQIANIMAN--VLAPQ-ATKLPMSTRCAHRLADOAERLID-——
2 D¥S----DWQQLSHVLAN--AMATE- ATKLPFMPTRCAHRLASIVERLI - ——
3 TAD----ELQLLTYQLCHTYVRCTR-SWSIPAPAYYARTLVAFRARYHLV- ——

4 TDD---_OLAAMIHYLSVAYPISLE - SATMPTPLEFARKAMKSCKRATCGEK
5 VDHDSFHQLIELTHAMAYGYVHWPQ-AISLPHVLHMAHHLSKFCGEVLR - ——
6 EYYHRVHEILDEIYYLSKMNWRGFR-SRHLPVIVHYPKLVAGIIANVHR - ——
7 QVS--LESLVEATLELTLLHHGSLK-EPRLPIPLYGSDIIAYRRLQGIS-——
8 ¥GETDLHTLARQVVLLSRIHGASLYRHPRLP VI THHADRFATLROECHLD-—

The crystal structure of an archaeal Piwi protein AfPiwi (Q28951 ARCFU
Archaeoglobus fulgidus in Figure-7) has been determined (Parker et al. 2004);
the overall Piwi fold represented novel protein architecture with the individual
domain A and B displayed structural similarities to therbgaressor and RNase
Hll-type fold respectively. The same study (Parker et al. 2004) showed that the
protein AfPiwi bound to siRNAn vitro. Therefore Piwi family proteins may
adopt a conserved model of siRNA binding and mRNA cleavage through the
RNase Hll-type domain. It has also been shown that an archaeal Ago protein
from Pyrococcus furiosus has an RNA slicer activity associated with the Piwi
domain (Song et al. 2004). However in Ago proteins, RNA-binding is a feature
of the PAZ domain (Ma et al. 2004) which is absent in Piwi family proteins.
Comparison of theArchaeoglobus Piwi protein and thePyrococcus Ago
protein with some eukaryotic Ago proteins also revealed that a region which
constituted the docking site for Dicer (Tahbaz et al. 2004) was absent in the
both proteins (Parker et al. 2004). This may be a common feature of archaeal
Ago/Piwi proteins. The mechanism of RNA-induced silencing in archaea is
still unclear. Only three proteins from the family of methanomicrobia contain a

single RNase Il domain as recorded in Pfam database (Finn et al. 2006) and
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RdRp is not found in archaea. However the presence of Piwi and Aggy famil
proteins in archaea suggest that RNA-induced silencing may have originated
before the divergence of archaea and eukaryotes, and subsequently evolved
into various silencing mechanisms that involve small silencing RNAs in

eukaryotes.

It is unusual that the putative RNAI positive organiGnardia does not have
an obvious Ago protein homologue. The protein Q86QW7_GIALA in Figure-7
(Giardia ID: GL50803 2902) is the on(yiardia protein that contains a Piwi
domain, thus is likely to be part of the putative RNAi pathway. Lacking of
PAZ domain in this protein indicates that this protein may function in a similar
way as an archaeal Piwi protein however more experimental evidence is
needed to support this assumption. The highly reduced genome and cellular
architecture ofGiardia holds the possibility that many types of RNA-
processing machinery in this organism exert archaea-like features, which may
be represented as reduced number of protein components and reduced protein

domains.

In summary, the protein components of the putative RNAi pathway in
Giardia suggest thatGiardia has relatively reduced RNAI machinery
compared with higher eukaryotes, and some proteins such &satiuiea Piwi
protein (GL50803 2902) may function in a similar way as archaeal Piwi
proteins. Other uncharacterised proteins may be also involved in RNA-induced
silencing inGiardia through interactions with th&iardia Dicer, Piwi and
RdRp proteins, however their functions may be more general than RNAI-
specific. This type of dynamic protein-protein association is likely to happen
frequently in deep-branching eukaryotes with small genomes, suilaraia,
where a protein often does not have a set of domains which specify the
function of the protein; instead a protein with reduced number of domains can
interact with a number of other proteins. In this way, different pathways may
form through flexible protein-protein interactions. Formation of the putative
RNAI pathway ofGiardia may reflect some general features of large RNA-
processing machinery in early eukaryotes where protein domains were not yet

fused into large proteins.
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5.4 The possible existence of a truncated Diceeprot

My early study ofGiardia Dicer mRNA revealed a truncated transcript. 3'
RACE analysis showed that this truncated transcript was poly-adenylated and
was the result of a base-deletion, which terminated the mRNA before the
second RNase Il domain (Figure-9). The full-length Dicer mRNA was not
detected in the same assay. My result showed the possible presence of a
truncated Dicer protein, which contains only one RNase Ill domain (Figure-9).

It is unknown whether the truncated transcript resulted from a partial
degradation of the total RNA. However, other RT-PCR reactions did not show

degradation of mMRNAs (Appendix-4).

Figure-9 : The truncated transcript of Giardia Dicer gene

1 1929 Poly-A
Truncated Dicer - GTGTAC-AAAACTTGAGCAAAAGAAAAAAAAAAAAA
Full-length Dicer ... GTGTACACAAAACTTGAGE
1947 2622
GTGTACAAAACTTGA Truncated
VYKT * 